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ABSTRACT

The present investigation concerns itself with the re-analyses of mathematical models
reported in the literature for mass-transfer accompanied by chemical reaction in gas liquid
and gas-liquid-solid foam-bed reactors for typically two different reaction systems,
development of new models and their experimental verification. The systems chosen for
studies are, absorption of CO, in NaOH solution under conditions of pseudo-first order
reaction and the other, for a gas-liquid-solid system: carbonation of hydrated lime slurry
using lean CO; gas. The former system corresponds to a fast chemical reaction and it
occurs in a zone within the liquid film close to the gas-liquid interface. The latter reaction
is moderately fast and occurs in the bulk of the liquid. Carbonation of hydrated lime in
slurry using carbon-dioxide gas is an industrially important process for the manufacture
of precipitated calcium carbonate (PCC). The performance of a short slurry bubble-
column reactor has been compared with that of the slurry-foam reactor using
experimental data collected for the above-mentioned reaction.

Mathematical models for these two systems have been reported in the literature for
carrying out the reactions in a foam-bed reactor. This reactor comprises of two sections,
() the lower section, called the storage, is a shallow pool of liquid containing a surfactant
through which gas bubbles rise and (ii) the upper section is a tall column of foam, called
the foam section. The total amount of liquid contained in the foam, for the typical foam
heights reported in the literature, is normally less than 15 percent of the total liquid fed to
the reactor. In spite of this fact, models reported in the literature for the two systems
assume extent of gas absorption and reaction in the storage section to be negligible. The

above mentioned work was therefore undertaken in the present work.

Models have been developed for absorption of lean carbon dioxide gas, 0.22% to 0.49%,
from its mixture with air in sodium hydroxide solution, 0.23 to 0.87 (N) in semi-batch
bubble column- and foam-bed reactors. Experimental studies with this low concentration
of CO; and relatively high concentration of NaOH were performed with the objective of
verifying the contribution of the storage section of a foam bed reactor towards conversion
of reactants which was considered negligible in the previous studies, developing a new

model, verifying its validity with the data generated and at the same time comparing the
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present model with that already reported in the literature in which about the same
concentrations of CO, and NaOH were used in the gas and liquid phase respectively.
Mass transfer with chemical reaction is treated using the principle of absorption into
agitated liquids for the development of models for the bubble column. Model for the
storage section of a foam-bed reactor is developed following a similar concept to that of
the bubble column. In the foam section, on the other hand, mass transfer occurs into the
foam films primarily by molecular diffusion and the model is developed using the
theories of absorption into quiescent liquids. Concentration of reactant B (i.e., NaOH) in
the bulk of the liquid is maintained substantially high compared to a low concentration of
dissolved CO,. Reactant B diffuses from the bulk of liquid to the reaction zone located
close to the gas-liquid interface to nullify its depletion by reaction and maintain the same
concentration of B upto the reaction zone as that existed in the bulk liquid. Rate of
consumption of B is obtained by using the reaction stoichiometry and the average flux
equation for CO; (component A). Calculations for concentration of component B in the
storage section of a foam-bed reactor proceed by repeating the process over a small time
step. For the development of model for the foam section, it is assumed that all the A
absorbed in the storage section get reacted there itself and none of it goes to the foam
section and vis-a-vis. Predictions for the extent of reaction over a small time interval in
storage and foam sections are made using separate modules. The resulting concentration
of component B in the storage section is estimated and the calculations are repeated over

small time interval till the desired time of reactor operation.

For validation of the models developed, experiments in the bubble column reactor were
performed on absorption of CO, in NaOH solution without any surfactant added to the
reaction mixture. Similar experiments were conducted under otherwise identical operating
conditions in a foam reactor with the addition of cetyl trimethyl ammonium bromide
(CTAB), a cationic surfactant (0.054% wi/w) as the foaming agent. The variables and
parameters studied include, effects of initial concentration of NaOH, superficial velocity
of gas, volume of solution charged into the reactor and concentration of CO, gas on
conversion of NaOH. After 2 minutes of reactor operation, a conversion 6 to20
percent higher than that obtained in a bubble column reactor, was obtained in the foam

reactor. Conversion of sodium hydroxide reduces with an increase in the concentration
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of NaOH in the feed solution when other variables are kept unchanged. This is attributed
to the reduced solubility of CO, with an increase in the concentration of NaOH in the
solution and that the fraction of the total initial mass of NaOH reacted during the same
time interval reduced with each successive increment in concentration and caused a
reduction in conversion. Conversions of sodium hydroxide after a definite time of reactor
operation and under otherwise similar experimental conditions are found to be
substantially higher in a foam-bed reactor than that in the bubble column reactor. Large
increase in the interfacial area is considered to be the primary reason for this increase in
conversion of NaOH. With an increase in the superficial velocity of gas, conversion of
NaOH is found to increase. Larger size of bubbles and higher bubble-rise velocity at
higher superficial velocity of gas reduce the specific interfacial area and gas-liquid
contact time in the bubble column or in the storage section of the foam reactor. These
lead to a reduction in the level of conversion. On the contrary, turbulence in the bubble
column increases with an increase in the superficial velocity of gas and leads to higher
values of gas-liquid mass transfer coefficient in the column. These result in higher rates
of gas absorption, reaction and conversion. Percent conversion of NaOH reduces as
volume of solution fed to the reactor is increased, concentration and all the other
variables being kept unchanged. Total amount of NaOH is larger in the larger volume of
solution fed to the reactor and conversion is found to reduce mainly because of the higher
total initial mass appearing in the denominator in the definition used for conversion
calculation. Conversion of NaOH increases with an increase in the concentration of CO;
gas. Interfacial concentration of CO; in the liquid phase increases and the increased
driving force for mass transfer causes an increase in the rates of gas absorption, reaction

and therefore the conversion.

Model for the bubble column slurry reactor has been developed for simultaneous
dissolution of sparingly soluble hydrated lime particles and reaction with the dissolved
gaseous species in the liquid phase. The slurry in the reactor is assumed to be well mixed
by the rising gas bubbles. The reaction between hydroxide ions in solution and dissolved
carbon-dioxide occurs in accordance with a second-order kinetics (Danckwerts and
Sharma, 1966). Particle-size distribution has been incorporated in the model for

evaluation of the reactor performance as lime samples having different initial particle-size
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distributions have been used in the experiments and the rate of dissolution of particles in
liquid depends on its surface area.

In the development of the slurry-foam reactor model, combined contributions of both
the storage and foam sections towards gas absorption and reaction have been taken into
account. That the storage section contributes significantly have been verified through
experiments. The entire foam section is assumed to be equivalent to a single stage with an
average liquid hold-up (Bhaskarwar and Kumar, 1984). In the course of reaction, as the
dissolved species B gets consumed by reaction with component A absorbed in the liquid
phase, concentration of B tends to reduce and more solid (B) dissolves into the liquid
phase. There being a continuous transformation from solid to liquid phase, total loading
of B in the slurry, both dissolved in solution and that present as particles, is incorporated
in writing the material-balance equations for estimation of conversion of component B
with the propagation of reaction time. The expressions for evaluation of performance of
the slurry-foam reactor remain the same as those used for a slurry reactor, except that in
the former case the total loading of component B and the instantaneous values of particle
diameters have to be estimated by considering the conversions in both the sections, i.e.
storage and foam simultaneously. For evaluation of performance of the slurry-foam
reactor, component A balances in foam and storage sections, component B balance over
the storage section, and the mass balance of particles over the storage section are written.
Again for writing the component A balance over the storage section, the instantaneous
concentration of component A in the liquid stream, for this moderately fast reaction,
draining from the foam to the storage section is needed. This concentration is obtained by
writing a pseudo-steady state material balance for component A over the foam section.
Simultaneous solution of these material-balance equations also needs an expression for
the instantaneous volume of particles in the drainage stream from foam section expressed
in terms of that in the storage section. For this purpose a mass-balance equation is written
assuming that the rate of dissolution of particles in the foam section equals that reacted in
this section, so that the concentration of dissolved calcium hydroxide in the liquid
entering the foam section and that in the drainage stream from this section are the same,

conforming to the pseudo-first order reaction with respect to A in the foam section.
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In order to validate the models developed, experiments on carbonation of hydrated lime in
slurry with lean carbon-dioxide gas, 10 to 50 percent by volume, were performed in a
short slurry bubble column reactor, without any surfactant added to the slurry as well as
in a foam-bed reactor using different types of surfactants, cationic: cetyl trimethyl
ammonium bromide, anionic: sodium dodecyl sulphate, and non-ionic: Triton X-100 as

the foaming agents.

Under identical conditions of experiments, after 20 minutes of the reactor operation, a
higher conversion, about 18 to 42 percent higher than that in a slurry reactor, was
obtained in the foam reactor using a cationic or an anionic surfactant as the foaming
agent. The variables and parameters studied include, nature of surfactant used in
generating stable foam, initial loading of hydrated lime in slurry, superficial velocity of
gas, height of foam column, volume of slurry charged into the reactor, initial size
distribution of lime particles (samples received from different manufacturers),
concentration of each of the surfactants mentioned above, and, concentration of CO; in
the feed gas. Other essential or supplementary experiments performed are (i) particle-size
distribution analysis of calcium-hydroxide samples used as reactant as well as that of the
product CaCOg (ii) chemical analysis of hydrated lime samples received from different
manufacturers and used in the experiments (iii) liquid hold-up measurements in the foam
column for all the experimental conditions used in obtaining the different sets of data (iv)
Thermo-gravimetric Analysis (TGA) and X-ray diffraction (XRD) studies of calcium
hydroxide samples received from different suppliers and that of product calcium
carbonate obtained after complete carbonation of lime samples and (v) Scanning Electron
Micrograph (SEM) analysis of calcium hydroxide samples and product calcium carbonate

particles.

Percentage of lime present in samples was found, through chemical analyses, to vary
from 94.76 to 95.27 percent. XRD analyses indicate that major impurity is CaCOs.
Particle-size distributions (PSDs) of reactant Ca(OH), have been measured using CILAS-
940 and MALVERN MASTERSIZER 2000E particle-size analyzers. These play a

significant role in governing the reactor performance and incorporated in the models. For
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simulation purposes, the total amount of lime sample taken in an experiment was divided

into twelve volume fractions.

For slow to moderately fast reactions, liquid hold-up is known to govern the performance
of a foam-bed reactor. In the present investigation, it has been measured at different
heights of the foam column, for all the experimental conditions used, by suction of foam
into an evacuated glass bulb of a known volume. Average value of the liquid hold-up over
foam column height is then estimated from the knowledge of volume of bulb, the extent
of vacuum in the bulb, and the volume of slurry obtained from the condensed foam.

Conversions obtained in the slurry-foam reactor with ionic surfactants used as
foaming agents after 10 minutes of reactor operation are found to be about 7 to 17 per
cent higher than those obtained with non-ionic surfactants. The higher conversions
obtained with ionic surfactants over those with a non-ionic surfactant are attributed to
the higher gas-liquid interfacial areas and liquid hold-up values obtained
experimentally. With an increase in the initial solids loading, solid-liquid interfacial
area increases and results in increased rates of solid dissolution and rate of reaction.
However, conversion of lime reduces because initial solids loading appearing in the
denominator in the conversion calculation. Superficial velocity of gas is observed to
be the second most important variable which bring about maximum variation in the
conversion of lime. Increase in the superficial velocity of gas causes higher liquid
hold-up, higher drainage rate within the foam column, and an increased turbulence
intensity in the storage section. These result in higher rates of mass transfer and of
conversion of the two reactants. With an increase in the height of slurry-foam
column, the total gas-liquid interfacial area for gas absorption in the foam section,
gas-liquid contact time, and the total amount of liquid in the foam section increase.
These factors together contribute to higher conversion of lime. With increased volume
of feed slurry at constant values of slurry concentration and other variables, a
reduction in the conversion of lime is observed. With an increase in the volume of
slurry, at constant gas-flow rate and other variables, the intensity of agitation in the
storage section reduces with the consequent reduction in the mass-transfer coefficient.

The rates of dissolution of solids and that of absorption of gas in the liquid reduce.
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Besides, solids loading being constant, the total amount of solids present is more in a
larger volume of slurry, and the calculated values of conversion is found to reduce
primarily because of the definition used for its calculation. With an increase in the
concentration of surfactants, viz. SDS; CTAB and Triton X-100; at constant values
of all other variables, the conversion of lime is seen first to increase and then to reduce
at still higher concentrations. Increased surfactant concentration render the foam to be
more stable and thus liquid hold-up in the foam column increases. The total volume of
liquid in the storage section reduces with the consequent increase in turbulence. These
beneficial effects, along with the larger interfacial area in the foam section for the
reasons cited earlier, off set any retarding effect the surface resistance may have on gas
absorption, and a small increase in the conversion is thus obtained. However, at higher
concentration levels of the surfactant, the particle surfaces get appreciably covered
with the surfactant molecules (Stangle and Mahalingam, 1990), reducing the rate of
dissolution of solids. These phenomena, therefore, cause a decrease in the conversion
of lime at higher surfactant concentrations. Effect of initial particle-size distribution
of lime particles on conversion of lime has also been studied maintaining all other
parameters at constant values. For a given solids loading, the sample of solids having a
larger population of finer particles would have a larger interfacial area per unit volume
of slurry. The dissolution rate of solid particles being proportional to solid-liquid
interfacial area, samples of hydrated lime with higher population of finer particles

results in higher conversion of lime. The model also predicts the effect.

Effect of concentration of CO; gas on conversion of lime has been studied by varying
the CO, concentration from 10 to 50 percent by volume. Rates of absorption of CO, gas
in hydrated lime slurry and the reaction rates are enhanced significantly with the increase
in concentration of CO; in the feed gas mixture, the equilibrium interface concentration of
dissolved CO, being increased. For a given value of particle loading and at a given
temperature, total solid-liquid interfacial area and interface concentration Cg~ remains
invariant. Rate of dissolution of lime is enhanced for the reaction to proceed at a higher
rate as CO, concentration in the feed gas is increased. This is possible only if solid-liquid
mass-transfer coefficient value is increased. A dimensionless correlation has been

developed using the experimental data collected for carbonation of hydrated lime slurry
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as functions of concentration of carbon-dioxide gas and other variables/parameters
pertinent to the experiments performed.
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INTRODUCTION

The state-of-the-art designs of Chemical Process Industries aim at producing highest
quality products at a minimum cost with a zero discharge of pollutants. The most
important requirement to achieve this target is that the existing chemical reactors be
retrofitted for improving its performance and/or new efficient reactors developed.
While conventional chemical-reactor configurations have been studied extensively for
various gas-liquid and gas-liquid-solid reactions and ample information is available in
the literature, in recent years, researchers working in chemical engineering and allied
areas have turned their attention in developing novel contactors. Large gas-liquid
interfacial areas, high values of mass-transfer coefficient and gas holdup, long gas-
liquid contact times and low gas-phase pressure drops are some of the important
parameters desired for a high performance gas-liquid contactor for mass transfer with
chemical reaction. A foam-bed reactor has been claimed by numerous authors to
possess the above features and especially advantageous for a precipitation reaction. In
the latter case, recirculation of the solvent and that of the unreacted gas help in
controlling the discharge to sewer/ atmosphere and also in reducing the product cost.
A number of reactions have been studied by various authors in this reactor
configuration. Of these, two important reactions studied in this reactor, one for a gas-
liquid system: absorption of carbon dioxide gas in NaOH solution and the other for a
gas-liquid-solid system: carbonation of hydrated lime slurry using lean carbon-dioxide
gas have been chosen in the present work for re-analysis of the reported experimental

findings and modeling/ parameter estimation aspects.

Foams, occupying more than 90 percent by volume of a foam-bed reactor, has been
reported to create severe problems in large number of chemical process operations
involving gas-liquid/ gas-liquid-solid systems. These include numerous unit
operations and unit processes in chemical, biochemical and food industries including
oil-well drilling, fermentation as well as in the manufacture of surfactants itself, viz.,
detergents, glycol antifreeze etc. These are agglomerates of gas bubbles separated
from each other by thin liquid films. While froth bubbles are nearly spherical and
small in size, foam bubbles are larger and polyhedral or deformed. Liquid content in

foam is much lower (& < 0.1) than that in froth (&, =0.5).

Large volume of work has been reported in the literature on foams which aim at
avoiding its formation in some of the process operations, while in some others the

purpose is to stabilize the foams for the reasons cited above. Researchers and
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particularly those in R&D organizations of industries perform rigorous studies on
foams with the objective of producing better quality products and these studies include
physico-chemical properties, structure, hydrodynamics, stability considerations as
well as its specific usefulness in applications of mass transfer with or without

chemical reaction.

For the purposes of gas absorption and various gas-liquid and gas-liquid-solid
reactions, conventional chemical-reactor configurations have been studied extensively
and immense information is available in the literature. It is desired in this work to
focus on a novel reactor called a foam-bed reactor, for gas-iquid and gas-liquid-
solid reactions which have not been extensively studied earlier and therefore not yet

established on firm footing.

A foam-bed contactor is a device containing a shallow pool of liquid in which a
reactive gas/ mixture of gases is brought into intimate contact with the liquid solvent
or a solution containing a reactive species, the liquid being self-foaming or containing
a surfactant for generation of stable foam, in which mass transfer occurs with or

without a chemical reaction.
A foam-bed reactor has the following important features:

1. Gas-liquid contact time is sufficiently higher compared to other type of
contactor
ii.  This being a gas-liquid contacting device, can be operated in various
modes: semi-batch, continuous flow, recycled, co-current, and
countercurrent
iii. It can be conveniently used as a slurry reactor and fouling problem is less
even with a sticky material because of presence of surfactant in the liquid
iv. A large amount of gas can be contacted with a small amount of liquid
v.  Gas-liquid interfacial area and gas hold-up are higher than in any other
type of contactor
vi.  Gas pressure drop for flow through the reactor is low to moderate
vii.  Only a marginal cost is incurred for the surfactant used in generation of a
stable foam column for performing precipitation reactions, as the solvent
can be completely recycled back into the reactor after separation of product

solid.
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The performance of a foam-bed reactor, under certain conditions, has been reported
(Helsby and Birt, 1955; Metzner and Brown, 1956) to be far superior compared to that
of the conventional contactors. Ponter et al. (1976) reported significant improvement
in the efficiency of separation when surfactant was added to the distillation column of
surface tension negative binary mixtures. This improvement was attributed to the
increased interfacial area to mass transfer caused by the stabilization of the liquid film.
Presence of proteins in the liquid in a fermentor lead to stabilization of foams and
increased rates of mass transfer while simultaneously cause pumping problems and
lead to improper detection of liquid level through sight glass. The above observations
have led the researchers to find appropriate techniques to generate and stabilize or to

destroy foams inevitably generated in various process operations.

Manufacture of precipitated calcium carbonate (PCC) through carbonation of hydrated
lime is an industrially important reaction and has been chosen here for studies using a
novel contactor. In the conventional process, a bubble column slurry reactor is
employed for its production. PCC can also be produced by a liquid-phase reaction
between calcium hydroxide and sodium carbonate in an aqueous solution. But crystal

sizes of calcium carbonate obtained by these two alternative routs are different.

PCC is used as a raw material or filler, e.g. in the manufacture of paints, PVC, paper,
rubber, medicines, cosmetics, etc. Major consumer of PCC is the paper industry. It is
used as an additive in PVC to increase its impact strength. PCC surface is activated to
match its surface properties with that of the compounds, e.g. thermoplastics, in which
they are incorporated. Due to the specific shape of its particles, PCC is incorporated in
paints to improve their hiding power and this reduces the quantity of titanium-dioxide
fillers. It enhances the optical properties and printing quality of paper products.
Calcium-based antacid tablets, multi-vitamin/mineral tablets, etc is produced using
medicine-grade PCC which is normally produced from oysters. Calcium carbonate
slurry obtained from the carbonating tower is used to produce activated calcium
carbonate by adding stearic acid to it and by application of heat at the required
temperature. Nano PCCs, less than 0.1 pm in size, control viscosity and sag in
automotive and construction sealants such as poly-sulfides, urethanes, and silicones.

Nano PCC is also used as an additive to printing ink.
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Early studies on usage of foams for process studies were mostly focused on physical
absorption of gases, or, on removal of dust particles from dust-laden exhaust gases
(Luchinsky, 1939; Helsby and Birt, 1955; Jackson, 1963; Weissman and Calvert,
1965; Plevan and Quinn, 1966; Maminov and Usmanova, 1968; Onda et al., 1969;
Kaldor and Phillips, 1976). Later, foam columns were utilized for studies of mass
transfer with chemical reaction for a number of different reaction systems, the most
important of which is possibly the carbonation of hydrated lime using CO, gas. Using
dilute carbon-dioxide gas (1-10%), this reaction was studied mostly for the
crystallization of calcium carbonate in different types of reactors (Maruscak et al.
(1971), Reddy and Nancollas (1971), Tsuge et al. (1987), Kotaki and Tsuge (1990),
Wachi and Jones (1991), Jones et al. (1992) and many others). During the last three
decades, many important experimental studies on gas absorption with chemical
reaction in foam reactors and predictions of reactor performance have also been
published (Biswas and Kumar, 1981; Bhaskarwar and Kumar, 1984; Shah and
Mahalingam, 1984; Bhaskarwar and Kumar, 1986; Bhaskarwar, 1987; Bhaskarwar et
al., 1987; Biswas et al. 1987; Stangle and Mahalingam, 1989; Bhaskarwar and Kumar,
1995; Reddy and Bhaskarwar, 2000, and Gaikwad et. al., 2010).

Biswas and Kumar (1981) and Asolekar et al. (1988) studied gas-liquid and gas-
liquid-solid reactions in semi-batch operated foam-bed reactors. Experimental
conditions used by these authors indicate that only about 14 to 15% of the total liquid
fed to the reactor constitutes the foam section. However, in the reactor model
contribution of the storage section towards gas absorption and chemical reaction was
considered negligible in comparison to that in the foam section although it contains
about 85 to 86 percent of the total liquid feed. Therefore, although rigorous models of
foam-bed reactors for carrying out above reactions have been put forward by several
investigators (Biswas and Kumar, 1981; Asolekar et al., 1988), it appears essential, on
review of literature (Jana and Bhaskarwar, 2010), that the experimental findings and

models be reanalyzed and revised experimental findings and models proposed.

Lean CO; gas is vented to atmosphere from many process industries which can be
usefully absorbed using a foam-bed reactor, as one is able to contact large quantity of
gas with a relatively small amount of liquid in this type of contactor, and help
approach the zero-discharge goal with respect to the “greenhouse” gas. Presence of

surfactant may protect the equipment from fouling due to the highly sticky hydrated
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lime in slurry and also help in easier cleaning of the equipment. The density of the
solid product being much higher than that of the solvent, the product separates out by
sedimentation rapidly and the solvent containing the surfactant can be recycled after
filtration of the product. It therefore requires no discharge to water bodies and the
fresh water requirement is minimized.

Mathematical model of a reactor provides a deep insight into the various physico-
chemical phenomena occurring within it. Biswas and Kumar (1981) and later
Bhaskarwar and Kumar (1984) made significant attempts in developing realistic
models of a foam-bed contactor for gas-liquid systems, based on the regular
pentagonal dodecahedral structure of foam bubbles. This idealized shape of foam
bubbles is observed at relatively low gas velocities used for generation of stable foam
column. Some investigators also studied gas-liquid-solid reactions incorporating either
reactive or catalyst particles into the foam liquid (Bhaskarwar and Kumar, 1986;
Asolekar et al., 1988). Carbonation of hydrated lime slurry using lean carbon-dioxide
gas had been studied (Asolekar et al., 1988) earlier in a foam-bed reactor for which
the conversion in the storage section had been found to be negligible although the
storage constitutes more than 85 percent of the slurry charged into it. In all
probability, the storage section would also contribute significantly towards the
absorption of gas and conversion of reactants for this fast reaction. Under such
conditions it appears justified to reproduce experimental data, reanalyze and if the
findings are different from that reported in the literature, develop a new model

depicting the actual phenomena occurring in the reactor.

In the present work, it is intended to reanalyze the reported mathematical model of a
foam-bed reactor for a fast gas-liquid reaction through experimental verification of the
contributions of the two sections of the reactor and that of a slurry-foam reactor for a
moderately fast reaction. While for the former case reaction occurs in a reaction zone
close to the gas-liquid interface and liquid hold-up is unimportant, the latter reaction
occurs in the bulk of the liquid because of the sparingly soluble nature of Ca(OH), and
liquid hold-up is important. The two systems chosen are absorption of CO, in NaOH
solution and carbonation of hydrated-lime slurry using lean carbon-dioxide gas.
Studies on the gas-liquid system primarily aim at regenerating the experimental data
for conversions separately for the two different sections of the reactor, reanalyze and

propose a new model based on it, if required. With the gas-liquid-solid system, it is
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also intended to generate new experimental data in the novel contactor, demonstrate
the advantages for carrying our such precipitation reactions in a foam-bed reactor and
propose a new and simplified model for the reactor. The variables to be studied are
superficial velocity of gas, volume of solution/ slurry charged into the reactor,
concentration CO; in the feed gas, concentration of NaOH / solids loading in the
liquid feed to the reactor; and additionally for the slurry reactor, nature of surfactant
used in generating stable foam, height of foam column, variation of concentration of
each of the surfactants (i.e., cationic, anionic, and non-ionic) in slurry, and the initial
particle-size distribution of lime particles in slurry. It is also proposed to compare its
performance with a conventional slurry bubble-column reactor and to later develop
mathematical models for both the bubble- and foam column reactors, taking into

consideration the contributions of both the storage and foam-sections of the latter.

Reaction rate increases with an increase in the concentration of CO, gas and this
requires availability of larger amount of dissolved lime in solution per unit time. The
rate of dissolution of lime particles is therefore augmented to supply the necessary
Ca(OH); to the solution phase in the slurry reactor. It is therefore proposed to obtain a
correlation for solid-liquid mass-transfer coefficient as functions of concentration of
CO; in the gas phase and the other important variables and parameters used in the
experimental studies.

In the present thesis, Chapter 2 encompasses a brief introduction viz. structure of
foam, types of surfactant, foam breaking agents, commercial production and
applications of both sodium carbonate and calcium carbonate have been described.
This follows a detailed review of literature covering the physico-chemical properties
of foams and froths, hydrodynamic studies of foam columns, studies of mass transfer
with or without chemical reaction in bubble column and foam bed reactors, two/three -
phase foam contactors and evolution of mathematical models developed by the
previous investigators. Chapter 3 describes the theoretical consideration of gas-liquid
and gas-liquid-solid foam contactors. New mathematical models for gas-liquid and
gas-liquid-solid bubble column foam-bed contactors, developed in the present work
have been presented. Chapter 4 describes the material, experimental setup and
experimental methods used for the study of performance of gas-liquid and gas-liquid-
solid foam contactors. Experimental setup and methodology for liquid hold up and

surface transfer coefficient measurement have also been described in this chapter.
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Sample calculations for carbonation of sodium hydroxide and that of calcium
hydroxide have been reported. Chapter 5 describes experimental as well as simulated
results for gas-liquid and gas-liquid-solid bubble column and foam-bed contactors.
Appendices 5A to S5E contain the experimental method calibration of rotameters,
sample calculations, and, experimental data and simulated results of gas-liquid and
gas-liquid-solid bubble column and foam-bed contactors. Chapter 6 presents

conclusions and recommendations for future work.
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During the past three decades, many important experimental studies on gas absorption
with/ without chemical reaction and reactor models for predicting foam-reactor
performance have been published in the literature (Biswas and Kumar, 1981;
Bhaskarwar and Kumar, 1984; Asolekar et al., 1988; Stangle and Mahalingam, 1990;
Sharma et al., 2005; Jana and Bhaskarwar, 2010; to name a few). These include,
removal of particles from exhaust gases, separation of gaseous mixtures by absorption
in liquid and that of protein from its mixture with other substances, gas absorption
accompanied by chemical reaction with the liquid phase component or with the fine
reactive particles suspended in it. For critical analysis and modeling of this reactor for
diverse situations, knowledge of hydrodynamic and physico-chemical parameters are
required. These aspects are known to have significant effect on the performance of the
reactor and have been studied by many investigators (Rodionov et al., 1966; Sharma
and Dankwerts, 1970; Akita and Yoshida, 1973; Lee et al., 1999; Shimizu et al., 2000
and Kumar et al., 2009).

Some studies performed in foam-bed reactors for precipitation reactions, foam
separations of proteins and other surface active substances, treatment of dust laden
exhaust gases, etc have been reported in the literature. A comprehensive review of
literature focusing on the following aspects is presented below. Gas and foam bubbles
being intimately connected with the present studies, a brief account is presented in
Appendix 2A. The review cited here incorporates experimental information, empirical

correlations, mathematical models and design data.

Review of literature on foam-bed reactors may be broadly classified into the

following:

1. Physico-chemical and hydrodynamic parameters, viz., Specific interfacial area,
foam height, pressure drop, liquid holdup, foam drainage, foam stability, and,

shape and size distribution of foam bubbles.

2. Foam separations and mass transfer with/ without chemical reaction in foam
reactors.
In the present context, it appears highly appropriate to present a brief review on foams
in separation processes.
Evolution of mathematical models of a foam-bed reactor has been presented in brief

as the present work is a combination of both experimental and theoretical studies. It is
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also considered reasonable to demonstrate the merits of a foam reactor for the system
studied in the present work over conventional reactors. Hence a brief review of
carbonation of lime slurry in conventional reactors studied earlier by wvarious

investigators, is presented first.

2.1 Carbonation of hydrated limein conventional reactors

Studies reported in the literature on carbonation of hydrated lime in different types of
reactors are found to follow three methods: (i) Wet process, (ii) Dry process, and, (iii)
Semi dry process. While in most cases pure carbon-dioxide gas has been used (Weber
and Nilsson, 1926; Ramachandran and Sharma, 1969; Sada et al., 1977; Sada et al.,
1985; Kojima et al., 1989; Wei et al., 1997), for studies of reaction kinetics, reactor
performances and reaction mechanism, use of lean CO, gas mixture are not
uncommon (Juvekar and Sharma, 1973; Sada et al., 1984; Capuder and Koloini,
1984). Different types of reactors, viz., bubble column, mechanically agitated reactor
and stirred-tank reactor with plane gas-liquid interface have been used for studies by
wet process. While, Weber and Nelson (1926) studied carbonation reaction of lime in
a mechanically agitated reactor, Tadaki and Maeda (1963) used a wetted wall column.
These authors, however, did not give any clear picture about the mechanism of the
reaction. Morris and Woodburn (1967) studied carbonation reaction of lime in a
mechanically agitated reactor and concluded that the controlling resistance for the
reaction lies on the gas side. Juvekar and Sharma (1973), however, reported a different
opinion and presented the following reaction steps for carbonation of hydrated lime in

aqueous slurry:

Ca(OH), (s) <> Ca*" (aq) + 2 OH (aq) (2.1.0)

CO,(g) <> CO, (aq) (2.1.ii)
CO;, (aq) +OH (aq) — HCO5  (aq) (2.1.iii)
HCO5™ (aq) + OH (aq) — H,0 + CO5™ (aq) (2.1.iv)
Ca’" (aq) + COs* (aq) — CaCOs (s) (2.1.v)

The overall reaction is
Ca(OH)z + C02 — CaCO3 + HZO
The above authors argued that steps (iv) and (v) are instantaneous and the rate-

controlling step(s) could be the dissolution of solid (step i) and / or simultaneous
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absorption and reaction of carbon-dioxide gas (steps ii and iii). The controlling
resistance, therefore, lies on the liquid side and not on the gas side as proposed by

Morris and Woodburn (1967).

While most of the studies reported in the literature follow a wet process, a dry process
was used by Shih et al. (1999) for studies of kinetics of the reaction of calcium
hydroxide powder with carbon-dioxide gas admixed with water vapor and nitrogen at
low temperature (60-90°C). A semi dry process was developed by Nakazato et al.
(2002) for production of CaCOs in a “Powder-Particle Spouted Bed (PPSB)”. The

detailed studies of wet, dry and semi-dry processes are briefly discussed below.
2.1.1 Wet process
Wet process using pure carbon-dioxide gas

Ramachandran and Sharma (1969) presented analytical expressions for absorption of
CO, gas with a fast chemical reaction into a slurry containing sparingly soluble fine
particles. The authors concluded that when the diameter of the reactive particles in a
slurry is greater than five times the liquid film thickness, solids dissolution and

chemical reaction occur in series. The reaction scheme for this case is:

a. Diffusion of the gaseous species A4 through the gas film.

b. Dissolution of the solid species B

c. Diffusion and simultaneous chemical reaction of the absorbed gas in the

liquid film with the dissolved species B near the gas- liquid interface.

Whereas, if the average diameter of the particles is less than or of the order of one
tenth of the film thickness, solids dissolution and chemical-reaction processes occur in
parallel. Simultaneous dissolution of solid particles within the film and instantaneous
reaction with the dissolved gas shift the reaction plane closer to the gas-liquid
interface and cause a steeper concentration gradient of the dissolving gas. These

phenomena cause increased rates of gas absorption and reaction.

Sada et al. (1977) made a comparative study of the models developed by Uchida et al.
(1975) with that of Ramachandran and Sharma (1969) and argued that the model of
Uchida et al. (1975) was more accurate in predicting the experimental data. A stirred
tank with a plane gas-liquid interface was used by Sada et al. (1985) for studies on the

absorption of carbon dioxide into concentrated slurries of calcium hydroxide. Their
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observed rates of gas absorption were lower than their theoretical predictions in which
they assumed identical population of particles in the bulk liquid phase as that in the
liquid film. Based on this finding, they proposed a model which included an inert

region in the vicinity of the gas-liquid interface to explain their experimental data.

While Sada et al. (1983) proposed a model for carbonation of a slurry containing high
concentration of suspended particles and assumed the bulk concentration of dissolved
gas to fall to zero, Kojima et al. (1989) used very low concentrations of the suspended
solid particles and hence the dissolved gas concentration in the liquid bulk was
assumed not to fall to zero. They measured the specific interfacial areas and

volumetric mass-transfer coefficients and proposed a film-theory based model.

Wei et al. (1997) studied the effects of slurry concentration, gas flow rate and
surfactant as an additive on the surface area (ranging from 10-70 mz/g) and pore
volume of precipitated calcium carbonate (PCC) obtained by injecting carbon-dioxide
gas through a suspension of hydrated lime. They observed substantially higher
reactivity of PCC towards sulfur dioxide which were correlated to the surface area and

pore volume of the particles.
Wet process using lean carbon-dioxide gas

Juvekar and Sharma (1973) studied the absorption of carbon-dioxide gas from a
gaseous mixture into lime slurry in a bubble column and in a mechanically agitated
reactor. The authors reanalyzed the mechanism of carbonation reaction reported in
literature and proposed a film model. They concluded that the reaction is liquid-film
controlled and not gas-film controlled as it was claimed earlier by Morris and

Woodburn (1967).

Sada et al. (1983) studied absorption of 5 volume-percent carbon dioxide from its
mixture with nitrogen in a concentrated slurry of calcium hydroxide in a bubble
column. They determined the volumetric mass-transfer coefficient and effective
interfacial area experimentally. Maximum rate of absorption was found at the

calcium-hydroxide concentration of about three weight percent.

Capuder and Koloini (1984) measured the gas hold-up and interfacial area in a bubble
column for carbonation of hydrated-lime slurry using lean carbon-dioxide gas. They

found gas hold-up and interfacial area to decrease substantially with an increase in the

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 11



LITERATURE SURVEY

concentration of solids in the suspension. The three-phase system was considered as a
two-phase system and the slurry a non-Newtonian fluid. The existing correlations for
Newtonian fluids were modified to obtain new correlations and the same were found
to agree well with their experimental data. Concentration of CO; in the inlet gas
mixture was 5-10% by volume for carbonation of 5 % Ca(OH), suspension. They

proposed the following correlation for interfacial area estimation:

5 0.5 3 N 0.021
aD = 1.67[gD P J gD 2,01 JRBE (2.2)
° Moy

In equation (2.2), a is the interfacial area, m?/m’; D is the vessel diameter, m; p,, the
density of liquid suspension; &, the gas hold-up; o, the surface tension of liquid. 77, is

the effective viscosity of slurry, expressed by the following relation:

n, =K@, )" (2.3)

K and n in eqn. (2.3) are constants.
2.1.2 Dry process

Using a dry process, Shih et al. (1999) studied kinetics of the reaction of calcium
hydroxide powder with carbon-dioxide gas admixed with water vapor and nitrogen at
low temperature (60-90°C). The gaseous mixture was passed through a perforated
quartz sample pan in which hydrated lime powder was kept dispersed in quartz wool.
Effects of particle size, relative humidity, BET surface area, temperature of gas and
carbon-dioxide concentration in the feed gas were studied. Importantly, the reaction
was found to occur only above a critical humidity of eight percent. They assumed, in
their kinetic model that the rate was controlled by surface reaction and that the
observed decrease in the reaction rate was due to surface coverage by the product

layer.

2.1.3 Semi-dry process
Semi-dry process using pure carbon-dioxide gas

Chen et al. (2000) developed “High Gravity Reactive Precipitation (HGRP)” process

for the synthesis of nanoparticles of CaCOs for high volume production at low cost.
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Acceleration higher than the gravitational acceleration on earth (High Gravity) was
generated by rotating the packed bed reactor. Ca(OH), slurry was pumped to the top
of the packed bed and the Ca(OH),/CaCOs slurry was recirculated till completion of
carbonation reaction (pH = 7). They controlled the size of CaCOs particles in the size
range 17-36 nm by changing the levels of high gravity, concentration of lime in the
suspension and flow rate of carbon-dioxide gas. The initial concentration of Ca(OH);
was changed from 34.5 to 84.0 kg/m’. There is however no mention of the initial

particle size of Ca(OH); in the feed slurry.
Semi-dry process using lean carbon-dioxide gas

Nakazato et al. (2002) developed a “Powder-Particle Spouted Bed (PPSB)” for the
production of CaCOs. Coarse particles with films of Ca(OH), slurry on their surfaces
were fluidized with hot gas containing CO,. Fine particles of CaCOj; formed got dried
and detached from the surface of larger particles. Average size of CaCOj; particles
produced was around 1 um. They studied the effects of superficial velocity of gas,
static bed height (before start of fluidization) of coarse particles, concentration of
carbon-dioxide gas in the feed gas on the conversion of calcium hydroxide and that of

slurry concentration on the average particle-size of product.

2.2 Hydrodynamics of gas-liquid and gas-liquid-solid bubble column reactors:

flow regimes

Bubble diameter (d,,), the most important of the hydrodynamic parameters in a

bubble column contactor, strongly affects the values of the mass transfer parameters,

viz., mass transfer coefficient (k,), specific gas-liquid interfacial area (a, ), residence

time of gas in the column etc., and therefore governs its mass transfer performance
(Deshpande et al., 1995; Kantarci, et al., 2005; Mena et al., 2005; Gourich et al., 2006;
Lemoine et al., 2008). Bubble diameter, dp, in turn depends on the flow regimes in a
bubble column contactor. While gas bubbles are of uniform size in a particular flow
regime, there exists a wide distribution of bubble size in the other and the specific
interfacial area is therefore calculated accordingly depending on the flow regime. For
the cases of wide distribution of bubble size, bubble residence time in the dispersion

also varies widely. Flow regimes in a bubble column are typically divided into four
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types and specified in terms of the superficial velocity of gas (V) and column

diameter (d_) as shown in Table 2.1.

Table2.1 Flow regimesin a bubble column.

S.N. | Flow regime

Range of Vi or d,.

Remarks

1. Homogeneous

or, bubbly flow

Ve <0.05 m/s, d. is not
important.gas is
uniformly  distributed
using multi-orifice
nozzles. Constant

bubble residence time.

Uniform bubble size or having a
very narrow distribution, uniform
distribution (no radial and axial
gradients) of gas holdup. Mass
transfer parameters are
determined on a single bubble

size.

2. Transition

regime

Ve depends on d,, hg, dy
and physical properties
of gas and liquid.

Critical gas hold-up depends on
hy/ d. and dp.

3. Heterogeneous
or churn-

turbulent flow

Vo> 0.05m/s,d.>0.15

m; residence time of

bubbles of different size

are different in the

dispersion.  Residence

time of bubbles, etc are

determined on  the

assumption of two

distinct bubble classes.

Radial gas-holdup profile with
maxima at the center (density of
dispersion being less than that at
the  wall) creates  strong
circulation and back mixing.
Coalescence and bubble break up
generates wide distribution of
bubbles size and the mass
transfer rate is governed by the

latter.

4. Slug flow

d. < 0.15 m; Vg >0.05
m/s. With increasing
gas velocity, large gas
bubbles in the form of

slugs are formed.

Wall effect is important. Large
bubbles are stabilized by the
column and mixing is poor.
Strongly affects mass transfer

parameters.
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Meikap et al. (2002) used a multi-stage bubble column scrubber for removal of SO,
from wet flue gas. They observed 100 percent removal efficiency by water without
any additive. Bandopadhyaya and Biswas (2011) studied hydrodynamics of a tapered
bubble column using an air-water two phase system. The gas flow rate was found to
exert a subtle effect on pressure drop due to the dynamic pressure recovery resulting
from the increase in flow area in the axial direction. For scrubbing of fly ash or SO,
performance of tapered column was found to be better than the conventional columns.
Sathe et al. (2013) reported the characterization of turbulence in both the
homogeneous and heterogeneous regimes of operation in a rectangular bubble column

using particle image velocimetry (PIV) measurements.
2.3 Foam-bed reactors

A foam-bed reactor is known to offer favorable conditions, considered to be important
for a gas-liquid/ gas-liquid-solid mass transfer device. These include high gas hold-up,
long contact time, large gas-liquid interfacial area and low to moderate pressure drops.
A comparison of a foam-bed reactor with other gas-liquid reactors in respect of the
above parameters is presented in Table 2.2. A surface-active agent is usually added in
small concentration to the liquid in foam reactors for the generation of stable foam.
Therefore, a foam-bed reactor is particularly suitable when the solvent containing the
surfactant is recycled back to the reactor so that pollution of water caused by its
drainage to public sewer and the cost of surfactant used is minimized. This minimizes
the need for fresh water too. Gas absorption with a precipitation reaction, particularly
carbonation of hydrated lime using lean carbon-dioxide gas, is a good example of such
a reaction and can be conveniently carried out in a foam-bed reactor. The solution
containing the surfactant and unreacted gas can be recycled back to the reactor after
separation of the product solid. The other advantages derived from such a process are
that hydrated lime in slurry being highly sticky, presence of surfactant protects the
equipment from fouling and cleaning of the equipment becomes easier. A foam-bed
reactor has also been reported to be beneficial for the treatment of large quantities of

dust laden exhaust gases with a relatively small amount of liquid (Jackson, 1963).
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Table 2.2 Comparison of physico-chemical parameters of a foam-bed reactor

with few selected conventional reactors

Typeof | Sp.interfa- Time of Liquid Pressure | ‘ka,’ System used
reactor cial area, contact, hold-up, drop, (s‘l) x 10° | for estimation
‘ay MM’ e s | gy ‘Ap’, of ‘ay and
(N/m?)/m ‘kay’
Foam- 1105-2645 20-55 <0.06 100-480 | 4-23 CO,-
bed [Shah  and | [Shah and | [Shah and | [Shah [Shah and | Na,CO;+
reactor Mabhalingam, | Mahaling | Mahalinga | and Mabhalinga | NaHCO;  and
1984] am, 1984] | m, 1984] Mabhaling | m, 1984] | CO, -NaOH
am, [Shah and
1984] Mabhalingam,
1984]
Bubble 100-1000 22-36 | 0.72-0.98 626-2217 | 3.5-16 CO,-  NaOH/
column [Sharma and | [Akita [Shih et.al., | [Lee et. | [Mashelka | KOH/ aq. amine
Danckwerts, | and 1999] al., 1999] | r, 1970] and 0, -
1970] Yoshida, dithionite soln.
1973], [Sharma and
[Perry, Danckwerts,
1987] 1970], SO;~
oxid" in aq.
soln.[Mashelkar,
1970]
Packed 20-350 2.9-7.9° 0.08 200-400 | 0.11-11.1 | CO,-
column [Sharma and | [Perrin et. | [Westerterp | [Tsuge, [Zurakows | NaOH/KOH/M
(counter ) | Gupta, 1967] | al., 2002] | et. al., | et.al., 198 | ki and | EA,
1963] 7] Glaser, 0,-aq. dithionite
1965] [Sharma and
Gupta,
1967],CO,-
NaOH
[Zurakowski
and Glaser,
1965]
Mechanic | 314-1810 0.70-1.92° | 0.78-0.93 | =-------—- 7.17-253 | O,  desorption
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ally [Robinson [Calderba | [Kawecki [Robinson | and CO,
agitated and Wilke, | nk,1958] | et. al.,1967] and absorption
bubble 1974], 70- Wilke, KOH-K,CO;
reactor 2300 [Xie et. 1974] [Robinson and
al., 2004] Wilke, 1974],
CO,-NaOH
aq. glycerine
[Xie et
2004]

It is thought appropriate to document the important aspects of foams and brief review
of its advantageous/ deleterious effects in process operations followed by the detailed
review of all the important parameters governing the performance of a foam-bed
reactor. A concise review of the mathematical models reported in the literature is also

desired. These are presented below.
24FOAMS
2.4.1 Importance of Foamsin Industrial Process Operations

Neither pure liquids nor saturated solutions can be made to produce foams. By virtue
of its large surface area and low density; optical, mechanical, thermal and surface
properties, liquid foams are known to be used for numerous applications. These
include gas absorption operations with/without chemical reactions, separation of
valuable ores into concentrate and gangue, fire fighting, waste water treatment,
instrumentation, e.g., soap-bubble meter, and chemical analysis. An example of the
latter application is that CO, liberated by decomposition of MgCO3.(NH4),CO;.4H,0O
with H,SO4 in presence of albumin is immobilized in foam. The gas volume is
calculated through measurement of foam volume and that of the condensate obtained
from it. On the other hand, in many industrial situations foams seriously affect process
operations and reduce energy/ production efficiency substantially. Thus, while in
some process operations specific surface active agents are added to the liquid phase in
desired quantity to produce stable foams, in others, foams are broken mechanically or
some anti-foaming agents added to the liquid to avoid its generation, else, to destroy it

in order to maintain trouble free operation.
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2.4.2 Foam rheology

Foams are heterogeneous dispersions and found to possess a yield stress (to) and that
the shear characteristics (-dv,/dx vs 1) are non-linear. During its upward flow through
a pipe, the wall gets coated with a liquid rich layer which generates an effect of slip
and the layer is idealized as a lubricating layer of pure liquid that separates the foam
from the pipe wall. The yield stress and shear characteristics are reported to be strong
functions of surface tension of the liquid and that of the foam bubble size. The
following factors are considered (Heller and Kuntamukkulla, 1987; Calvert, J. R.,
1990; Deshpande and Barigou, 2000) important in governing the flow behavior of
foams and design of the relevant experiments: (i) ratio of mean bubble size to flow
channel size, (ii) concentration of foamant (iii) foamant-channel wall interactions
(slip, adsorption etc) (iv) quality of foam (volume fraction of dispersed phase) (v)
physico-chemical properties of foamant (vi) size distribution of bubbles (vii) absolute

pressure and (viii) properties of the two fluid phases.

2.4.3 Foam generation: Excess concentration of surface active substances & work

required
Excess Concentration

The excess concentration of soluble substances that have a strong tendency to
concentrate at the surface layer, reduces the surface tension of water. It is

quantitatively expressed by the Gibbs’ adsorption isotherm

E, = (ij(ﬂ] (2.4)
RT )\ dc

Where, E., is the excess concentration at the surface, C is the bulk concentration of

solute and dy/dc is the change of surface tension with concentration of solute.
Work required for foam generation
To create foam, work (W) is needed to increase the surface area (44):

W =(r(a4)) (2:5)

Where, y is the surface tension of the liquid.
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Excess pressurein afoam bubble

Gas is confined in a bubble under a pressure greater than that outside and described by

the thermodynamic equation

ap=2 (2.6)

s

Where, 4P is the excess pressure, y is the surface tension of the liquid in the bubble
wall and 7,, is the radius of the bubble. The pressure is therefore inversely

proportional to the bubble size. In a foam matrix, where y is the same for every
bubble, the gas inside the smaller bubbles is at a higher pressure than the gas inside
the larger bubbles. When the bubble wall becomes substantially thin, say through
drainage and become permeable, the gas from the smaller bubbles diffuses into

adjacent larger bubbles to equalize the pressure.
2.4.4 Foam stabilization and foam breaking

A foam consists of spherical or polyhedral cells each containing a gas at an excess
pressure corresponding to the radius of curvature of its equivalent sphere (Nishioka

and Ross, 1981).

Foam instability is caused by two major reasons, drainage of liquid from the lamellae
and the other by inter bubble diffusion of gas resulting in the expansion of larger
bubbles at the expense of the smaller ones present in the foam. Foam instability is also
observed to increase over a narrow range of increase in temperature possibly due to
increase in drainage rate which may be related to variation in surface viscosity and
surface tension. At higher temperatures, rate of increase in instability has been found

to be smaller.

Foam stability is enhanced by adding a water insoluble co-surfactant that results in an
increase of surface viscosity and surface elasticity reducing both the rate of drainage
and rate of inter bubble diffusion. It has also been reported that addition of water-
soluble polymers, e.g., 0.75 wt% sodium carboxy methyl cellulose (SCMC) enhances
foam stability by about 10 fold (Sarma et al., 1987; Pradhan et al., 1990). The

drainage rate is retarded due to the increase in bulk viscosity of liquid phase while the
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gas diffusion rate is retarded due to decrease in diffusivity and solubility of gas in the

liquid phase.

Foam stability is measured by (i) static drainage (ii) surface decay (iii) half life of
foam and (iv) half life of drainage. Ross-Miles method, Bikerman method,

photographic technique etc.

Several steps to increase foam stability have been proposed (Perry and Green, 1987):
(1) reduction of liquid surface tension, ii) maintaining high lamella thickness through
use of high liquid to gas ratio, iii) increasing surface concentration of foaming agent,
iv) preventing liquid evaporation, v) increase of bulk-liquid viscosity, and vi) increase
of surface viscosity. Higher superficial velocity of gas, presence of certain finely
divided solid particles increase foam stability through reduction of film drainage.
When foam is generated from a surfactant solution using moderate superficial velocity
of gas, the shape of the bubbles formed is idealized as pentagonal dodecahedral. Gas
bubbles in the foam column are packed in such a way that three pentagonal faces meet
along an edge at an angle of approximately 120° between any two films. These edges
are called Plateau borders. The Plateau borders form a network. Plateau borders
being curved with higher cross-sectional area than those of the liquid films, liquid
drains from the films into the Plateau borders because of capillary force from where it

drains down due to gravity through the network of Plateau borders.
Stabilizing factor: The Marangoni effect

Any stress that tends to create local thinning and stretching of the films surrounding a
foam bubble must rapidly produce counter balanced restoring forces during the initial
displacement of the material of the film for a foam bubble to be stable. This elasticity
exists in a film if a surface active solute is present in it. It is postulated that due to
stretching of the film, local surface area as well as local surface tension increases and
a gradient of tension is set up. Liquid from the thicker regions along with the surface
elements flows to the thinned spot. The increase in surface tension with time is known
as the Marangoni effect (Rosen, M. J., 1978), while its increase with concentration of

surfactant as the Gibbs effect.

On a foam bubble, the liquid film is flat at one place and curved convexly at the

Plateau border. Cross-sectional area at the curved region is much larger than that at

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 20



LITERATURE SURVEY

the flat region. The pressure being lower at the higher cross-sectional area than that at
the lower, the convex curvature creates a capillary force that sucks liquid out of the
flat part of the foam films. This internal flow is called Laplace effects. Thus, internal
liquid flows constantly from the flatter (films) to the more curved parts (Plateau
borders) of the films. Thereafter, liquid from the Plateau borders drains out by gravity.
Sometimes Marangoni effect is also explained in the following way. As the liquid
flows, the films are stretched and new surface of higher tension is created. A counter
flow across the surface is generated to restore the thinned out parts of the films. This
is called Marangoni effect. Pure liquids cannot foam because of the absence of a
Marangoni effect. The primary stabilizing factor in foam is the resilience of the film

provided by the Managoni effect.

N
> € S
> <

Laplace effect
(Internal flow)

)

Figure 2.1 Marangoni effect

2.4.5 Stabilization of foams made for diver se applications

Diverse applications necessitate foams of varied stability. Foams for ore flotation or
other foam flotation operations need to be moderately stable, these being required to
be condensed later for separating the ore. Moderately stable foams are also required
for tall slurry-foam columns used as foam reactors for increased rate of dissolution of

gas and consequent high rate of reaction. Fire fighting foams, one variant of which is
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produced from sodium bicarbonate, aluminum sulfate along with foaming agent, need
to be highly stable. Thermal insulation of fuel storage tanks for protection from
radiation due to fires, and, lubrication of airport runways for emergency landing etc,

medium to highly stable foams are desired.

Certain surface active additives, when added in small quantity to solution of another
surfactant, the elasticity of surface films increases. The foam stability is thereby
increased and the surfactant causing enhancement of foam stability is called a co-
surfactant. The most effective co-surfactants added to a surfactant solution for
increasing its stability are generally water insoluble, polar components with long
straight chain hydrocarbon groups closely resembling the hydrophobic group of the
surfactant and, that lower the CMC of the surfactant solution considerably. The order
of ability to stabilize foams of various types of anionic surfactants has been reported
(Sawyer and Fowkes, 1958) as: primary alkyl sulfates> 2-n-alkanesulfonates>
secondary alkyl sulfates> n-alkyl benzene sulfonates > branched-chain alkyl benzene
sulfonates. A somewhat different explanation of foam stability put forward by many
investigators is as follows: surfactant molecules that are widely spaced in the surface
because of the mutual repulsion of the oriented polar heads make the films
mechanically weak and non-viscous. Liquid, therefore, drains rapidly from the
lamellae rendering it unstable. It is believed that the molecules of co-surfactant (Table
2.3) penetrate into the surface film of the existing surfactant molecules, orient
themselves among these members and form a close packed layer with higher surface
viscosity. This reduces drainage rate and increases foam stability. On the other hand,
substances that decrease film elasticity through an increase in the rate of attainment of

surface tension equilibrium are known to be foam inhibitors.

Table 2.3 Typical surfactant and co-surfactant pairs

Surfactant Co-surfactant Reference
Sodium dodecyl | (i) Lauryl alcohol Sharma et al.
sulphate (1988)

Dodecyl N,N- bis (hydroxyethyl) lauramide

Benzene

sulfonate N,N dimethyl dodecyl amine oxide Rosen, M. .
. —— (1978)

Potasium laurate | Lauric acid
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2.4.6. Foam breaking

Various thermal, mechanical, electrical and chemical methods have been adopted for
destroying foam during process operations. Heating the foam along with the
application of mechanical force with a revolving paddle has been found to be very
useful. Heating foams above a critical temperature substantially reduces the surface
viscosity of the film and the drainage rate is thereby increased. Foam bubbles get
expanded and strain is incorporated, increased evaporation rate makes the films

thinner. Combined effect of all these contribute to foam breakage.

Chemical de-foaming techniques are of two types. In one method, a substance that
stabilize foam is desorbed from the interface by displacing it with a more surface-
active but non-stabilizing compound. For example, foams stabilized with an ionic
surfactant say, SDS, can be broken by the addition of silicone oil in ppm level. In the
other method, chemical changes in the absorption layer are brought about leading to

formation of a non-stabilizing structure.
2.4.7 Froths

Froth bubbles are spherical and small in size and liquid content in froth=0.5
(Valentine, 1967). The gas—phase controlled mass transfer in a co-current froth flow
was investigated by Huess et al. (1965) by absorbing ammonia in water flowing in a
4-ft.-long Lucite test section of l-in. I. D. Under the stated conditions of their
experiments, the bubble could be regarded as spherical. They explained the absorption
data by using the model of an unsteady state mass transfer in a stagnant sphere.
Average bubble size calculated from the mass transfer data using this model were
found to be in agreement with a prediction made from the data of James and
Silberman (1956), the only data then available on bubble size and distribution in froth

flow.

Mutriskov et al. (1975) reported the absorption of CO, in sodium hydroxide solution
under frothing conditions. Effects of initial concentration of NaOH, flow rate of feed
gas, temperature of feed solution and foam expansion ratio on rate of reaction and
mass-transfer coefficient were studied. They observed the mass transfer coefficient to
increase with an increase in the concentration of sodium hydroxide. The authors also

observed the mass transfer coefficient to decrease with an increase in the gas flow
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rate, the opposite trend was, however, reported by Bogatykh (1964), Zurakowski and
Glaser (1965), Shah and Mahalingam (1984).

An empirical correlation was proposed by Manvelyan et al. (1967a) for the degree of
absorption of CO, as a function of gas velocity and froth height on absorption of

sodium metasilicate in a column of froth in a sieve-tray column.

Galkina and Gertsen (1969) studied the kinetics of absorption of hydrogen fluoride in
water from a dilute gaseous mixture in a froth absorber. The authors obtained a very
high degree of separation which under optimum conditions reached 98 percent. The
observed value of the mass transfer coefficient was 14500 m/hr. They observed the
optimum diameter of orifices on the grid plate to be 0.003 m and pitch 0.006 m. For
very high separation efficiency, recirculation of liquid was recommended, provided

the concentration of HF in the sorbate does not exceed 1 percent.

Reddy and Bhaskarwar (2000) presented a brief account of the differences between
foams and froths with reference to shape and size of bubbles as demonstrated by
Rennie and Evans (1962). The authors (Reddy and Bhaskarwar, 2000) developed a
model to predict conversion in a froth-bed reactor. The most important difference in
formulating the model of a froth-bed reactor and that of a foam-bed reactor was that
the foam bubbles were regular pentagonal dodecahedral in shape whereas the froth
bubbles were assumed to be spherical. For the mass balance, the diffusion equation in
the froth-bed reactor model was written in terms of spherical coordinates while that
for the foam-bed model, Cartesian coordinate was used. For a froth bubble, the
volume of gas pocket available for absorption was taken as the bubble volume, V},
whereas for a single pentagonal film of a foam bubble the volume of gas pocket
available was assumed to be V,/12. Model predictions were found to agree well with
the experimental data of Bhaskarwar and Kumar (1984) for oxidation of sodium

sulfide in a foam-bed reactor.
2.5 Foam separations

Differences in surface activity of components, in very dilute aqueous solutions/
suspensions, form the basis of foam separation of the components of a solution. On
the other hand, substantial difference in the wetting ability, a surface chemical

property of the solids, is the basis of separation of mineral ores by foam flotation
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which are not naturally floatable. While frothers produce stable foam bubbles,
modifiers are used to make a mineral surface amenable to collector coating, control
pH, assist in selectivity or stop unwanted materials from floating. Na,S, strong acids
and bases, calcium cyanide, sodium ferrocyanide, etc are some examples of modifiers,
choices being dependent on the specific cases. Promoters, also variously known as
collectors, provide a water-repellant air-avid coating that adheres to an air bubble. For
flotation of metallic sulfides, xanthates and dithiophosphates (Perry and Green, 1987)

are the commonly used collectors.

Foam separations are broadly classified into two types: foam fractionation and foam
flotation. The latter in turn is sub-divided into ore flotation, macro flotation, micro
flotation, precipitate flotation, ion flotation, molecular flotation and adsorbing colloid
flotation. While foam fractionation, in general, refers to the removal of dissolved
material from a solution, flotation refers to the removal of solid particulate material.
Ore flotation being not a transfer process on molecular level, details of this is not

included in this work.
2.5.1 Foam fractionation

Concentrating a particular ingredient from a solution containing two or more
components into the foams produced by the use of a surface active material which is
already present in the solution or added for the purpose is termed as foam
fractionation. This separation is based on the differences in surface activity of the
components to be separated. This adsorptive bubble separation process has the
advantage that no extraneous solvent is added, instead only air or an inert gas when
there remains the possibility of oxidative degradation, is used. This is useful for the
separation of surfactants, proteins from fermentation broths, enzymes, ions from metal
extraction units etc and especially useful for separation of substances sensitive to heat

and extreme pH values.

2.5.2 Foam flotation: Foam flotation being not a molecular phenomena, its detailed

discussion is not included here.

2.6 Gasabsorption in foam-bed reactors

During the past three decades, quite a few foam reactor models have been reported in

the literature. These models provide an insight into the various aspects of gas
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absorption with/ without chemical reaction closely approximating the practical
situation in a foam column. It is however observed that the reactions considered are
primarily those with zero- and pseudo-first order reaction kinetics. Various systems
for which models have been reported are: NaOH-CO, (Biswas and Kumar, 1981); O,-
Na,S (Bhaskarwar and Kumar, 1984); BaS-CO, (Gaikwad et al., 2010); O,-Na;S,0¢
(Varshney et al., 2003); Ca(OH),-CO; (Jana and Bhaskarwar, 2010); etc. In these
studies, CTAB, HDTMAB, SDS, Triton X-100 and Teepol were almost exclusively
used for the generation of stable foam. The reported models are found to be much
involved but interesting to the same extent as well. A foam reactor invariably consists
of two parts: a storage section containing a shallow pool of liquid with a surfactant
dissolved in it and a tall column of foam above the storage section, called the foam
section. The storage section is assumed to be well stirred with the rising gas bubbles
and the column of foam in the foam section to be in plug flow. As the gas bubbles exit
from the storage section, these are transformed into foam bubbles. Concentration of
absorbing/ reacting species is therefore taken as uniform at a given any instant of time
in the storage section but in the foam section it is different at different locations in the
column due to incessant mass transfer from gas contained within the rising bubble to
the surrounding liquid film. For determination of unsteady state concentration
distribution of the reacting species 4 as a function of time and position within a foam
film, its concentration in the liquid contained in a foam film leaving the storage
section, same as that entering the foam section, is taken as the initial (at #=0)
concentration of the species and no flux through the central plane of the film, the latter
being symmetrical and same interfacial concentration of 4 on either side of the film.
Mass transfer and reaction rates are therefore written accordingly for the two sections.
For slow to moderately fast reactions, conversion being small in a foam reactor, it is
generally operated in a semi-batch mode and for obtaining high conversions, foam

reactors are required to be operated in series (Jana and Bhaskarwar, 2011).

A model for gas absorption in a froth-bed reactor was developed by Reddy and
Bhaskarwar (2000) to predict conversion of Na,S. The froth bubbles were assumed to
be spherical in contrast to the regular pentagonal dodecahedral shape conventionally
assumed for a foam bubble. For the mass-balance, the diffusion equation was
accordingly written in terms of spherical coordinates instead of the Cartesian

coordinates used for writing the foam reactor model.
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2.6.1 Hydrodynamic and physico-chemical parameters

One of the major motivations for research in the areas of foams being to avoid its
formation in some of the process operations, while in some others the purpose is to
stabilize the foam. This involved in-depth research on various aspects of foam which
include its structure, physico-chemical properties, hydrodynamics, stability
considerations as well as its usefulness in applications of mass transfer with or without

chemical reaction.

Semi-theoretical correlations for the estimation of hydrodynamic, physico-chemical
and other parameters in foam columns have been proposed by a large number of
investigators. The pertinent parameters include liquid holdup, pressure drop, specific
interfacial area, variation of foam height with surfactant concentration, shape and size
distribution of bubbles in the foam column, etc. A brief discussion of these aspects is

narrated in the following paragraphs.

Rate of physical absorption of gas, or, that of gas absorption with a finite rate of
chemical reaction, increases substantially with an increase in the liquid holdup in the
foam column. Liquid holdup increases with the superficial velocity of gas and
viscosity of liquid while it reduces with an increase of the foam height, density of
liquid and bubble diameter. Liquid hold-up values in foam columns have been studied
by a number of investigators (Biswas and Kumar, 1981; Houghton et al., 1957; Rubin
et al., 1967; Hoffer and Rubin, 1969; Shih and Lemlich, 1971; Hartland and Barber,

1974; Steiner et al, 1977) and diverse techniques have been used for its measurements.

2.6.1.1 Drainagerate

Drainage rate is one of the parameters governing the stability of foams. Higher
drainage rate reduces foam height. It, therefore, depends on all such parameters that
stabilize foams or increase foam height. While in most of the process operations in
which foam is a desired substance, only low to moderately stable foams are useful. In
a foam column, liquid from the films flows into the plateau borders from where it
flows down by gravity. The other important parameter of foam stability is the rate at
which the body of the foam breaks down. In the case of very unstable foams, most of
the liquid drainage is due to the liquid released by the rupture of bubbles. On the other
hand, stable foam bubbles rupture only after most of the gravity drainage of the liquid

has taken place and after the films have become critically thin. In case the of mass-
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transfer operations, maintaining larger thickness of liquid films through reduction of
drainage rate over the gas-liquid contact period is important as this enhances the rate
of mass transfer. Extensive work, both theoretical and experimental, on foam drainage
phenomena has been reported in the literature. Some of the authors (Miles et al., 1945)
have considered the foam-drainage to be similar to that from a series of capillary tubes
while others considered the drainage to be like that of the liquid confined between two
parallel plates. The separation between the plates reduces with the progress of
drainage. Kruglyakov and Taube (1965) proposed a simple empirical correlation for

estimation of the drainage rate in absence of bubble breakage:

2.7)

, where ¢ is an empirical constant. V; and Vp are the liquid drained in time #; and the

initial total volume of liquid contained in foam, respectively.

Miles et al. (1945) proposed an equation with three constants. It takes into account the
height of the liquid in the capillary tube in excess of the equilibrium capillary height
and the viscosity of the liquid:

(v

o=V )=y doglV, —V, )+ e =c,t, (2.8)

Jacobi et al. (1956) proposed an equation with two constants in the form:

v, =250~ (e, +1)°] 2.9)

Cs

. _ 2
It is observed that when t;— o, (c5t, +1)™*°=0and V;= Vp, Thus, i Vo
Cs

The above equation, therefore, reduces to the one-parameter equation as:

V, =V, [I=(cst, +1)*] (2.10)

Many more articles have been published in literature addressing the drainage rates
from foam (Brady and Ross, 1944; Haas and Johnson, 1967; Shih and Lemlich, 1971,

to name a few).
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Bikerman (1956) proposed correlations for estimation of film thickness, ‘2a’, at a
depth H, from the top of the foam column after time #, seconds of the start of

drainage
2a=4uH,/gpt, (2.11)

This equation shows that film thickness reduces from bottom to the top of a foam

column due to drainage of liquid.

Haas and Johnson (1967) presented a model and experimental results for drainage of
solution between foam bubbles. They concluded from their study that the drainage of
solution between foam bubbles is principally through the Plateau borders. The
relationships among the experimental variables: superficial liquid velocity, superficial
gas velocity, foam bubble diameter, fractional volume of liquid in the foam, time of
operation and configuration of reactor, were found to be in excellent agreement with

the model predictions reported by the authors.
2.6.1.2 Pressuredrop

Pressure drop over foam columns have been measured by various investigators for
flow through tubes of different lengths and made of different materials (Calvert, J. R.,
1990; Thondavadi and Lemlich, 1985). Foam was generated using solutions and
slurries made of coal, sand and surfactants. Measured values of pressure drop are
reported to be low to medium and considered to be an advantage for foam reactors
over other reactors. Correlations for its estimation has been proposed by a number
researchers (Jackson, J., 1963; Hoffer and Rubin, 1969; Barigou and Davidson, 1996;
Deshpande and Barigou, 2000).

Metzner and Brown (1956) measured the pressure drop per unit height of foam
column as a function of gas flow rate. They observed two distinct regions at low gas
rates in which pressure drop decreases with an increase in the gas rate, and, a region at
higher gas flow rates in which the pressure drop increases with an increase in the flow
rate of gas. These two regions were marked as quiet and turbulent foaming regions.
The bubbles were observed to be uniformly distributed in the quiet region and moved
up the column smoothly. However, in the turbulent region, considerable swirling of

the foam was observed. In the quiet region, the amount of gas in the foam increased
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with an increase in the gas rate and the foam was recognized as dry foam and hence
the foam density decreased. In the turbulent region, the mechanical action acted upon
the gas to break up the foam progressively became more efficient and rupture of
groups of bubbles increased substantially with an increase in the gas flow rate. This

caused violent swirling and breakup of foams and higher density of foam.

Mersmann (1962) studied pressure drop for flow of air through the liquid layer on a
sieve tray. According to him, the total pressure drop comprises of three parts: drop in
pressure required to overcome the resistance of the dry plate, the hydraulic pressure of

the liquid and that required to produce bubbles.

A venturi type scrubber was used by Jackson (1963) for cleaning of dust-laden gases
in foam column. Highly soluble gases, e.g., NH3;, HCI etc. and CO, were used for
generation of stable foam column. Correlations were proposed for estimation of

pressure drop in the foam column:

Dry plate pressure drop (4p)):
Ap, =145k (pou? /2g) (2.12)

where k. is a coefficient, a function of plate thickness; u, = gas velocity through

orifices, m/s; p;= gas density, kg/m’.
Foam column pressure drop (4p»):

Ap, =0.85h,p, +0.20,(10%) (2.13)
where p,= liquid density, kg/m’

Hoffer and Rubin (1969) studied pressure drop for flow of foam through a vertical
column operated under steady state conditions. The plots of static pressure vs foam
height were found to produce a region of varying slope at low foam heights which was
attributed to the fast variation in the liquid holdup in this region of the tower and a flat
velocity profile at higher heights of the column, liquid holdup remaining almost

constant in this region.
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Thondavadi and Lemlich (1985) measured pressure drop for flow of foam made of
aqueous solutions of hexadecyl dimethyl ammonium bromide through acrylic and
galvanized steel pipes. Significant variation in the pressure drop was observed as the
Sauter mean bubble diameter was varied from 0.1 x 10 m to 1 x 10~ m and the foam
quality from 0.88 to 0.99. Use of slurry made from fine coal and sand particles up to

30 weight percent produced similar results.

Calvert (1990) reported the results of pressure drop measurement for flow of 3%
aqueous solution of a detergent through polyethylene tubing of different lengths and
diameters. The measured values of the pressure drop were found to be about 92 times
larger than that calculated using the Lockhart- Martinelli two-phase flow pressure
drop correlation. As the foam-flow rate was varied from 1.67 x 10° to 1.0 x 10™ m’/s,

pressure-drop values were observed to vary from 22 to 160 kPa.
2.6.1.3 Specific interfacial area

Specific interfacial area, a very useful property of foams, is the most important reason
for high rates of mass transfer in foam reactors. This is inversely proportional to the
bubble sizes and in a foam column its value lies in the range 1105 to 2645 m” m™.
This parameter has been studied and reported by several investigators (Steiner et al.,
1977; Rodionov et al., 1966; Gestrich and Krauss, 1976). Efficiency of bubble
separation processes and mass transfer with/ without chemical reaction increases with
an increase in the interfacial area. Large specific interfacial area with small foam
bubbles can be produced using high gas velocity and with small diameter orifices on

gas distributor plates.

a, = (65)/ d,, (2.14)

Where,

<)

Gestrich and Krauss (1976) used 223 sets of experimental data from literature to
obtain correlations for specific interfacial area. It was found to be proportional to the
average gas holdup and (hy/d.)®?. They also analyzed the applicability of the other

correlations on foams available in the literature.
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Shah and Mahalingam (1984) obtained interfacial area in a foam-bed reactor
experimentally. It was found to depend strongly on the mesh size but independent of

the gas velocity in the range they studied.

Stangle and Mahalingam (1990) determined specific solid-liquid interfacial area, a,,

and gas-liquid interfacial area, @,, in a slurry foam column. a,was calculated using

the relation a, = , where w is the total mass of hydrated lime present as

pB dp
particles per unit volume of slurry, and p,and d, the density of hydrated lime and

average diameter of lime particles present in slurry, respectively. Initial value of d,, in
the slurry was determined by taking into account the decrease in size of the suspended

particles in its saturated solution. The expression for a, is obtained as follows:

2
a,=rd, 2.15 (i)
d’ \md)})d d
Vp=i=7[ P :(”p) p_ 4% 2.15 (ii)
p, 6 6 6

Rearranging 2.15 (ii), one gets

_ apdppp

w 2.15 (iii
P (iii)
Or,
6w
a,=—— _
d,p, 2.15(1v)

For estimation of gas-liquid interfacial area, they measured the distribution of foam-
bubble sizes using a photographic technique. For each size of wire mesh they used for

generation of foam column, average foam-bubble size was obtained. Specific

&
interfacial area was then obtained as, a, = d—G, where d, = the Sauter mean bubble

N

diameter. d; was calculated using the relation

ZIN.,(db,.f
d _J=

= (2.16)
YN, )
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, db/_ = the average diameter of foam bubbles of the j (j= 1 to n) size interval and N i

= the number of bubbles in this size interval.

The gas hold-up, &, in the foam column was determined using the relation
e, =(E-1)/E (2.17)

, where E = foam-expansion ratio defined as the ratio of total volume of foam to the

total volume of liquid in the foam.

2.6.1.4 Foam height

Foam height, in a gas-liquid or gas-liquid-solid reactor, is a measure of time of contact
between the phases and that of the total gas-liquid interfacial area available for mass
transfer in the column. Although foams are produced when a gas or a vapor flows
through a liquid and its height normally fluctuates during process operations, a
particular foam height can be maintained by breaking foams mechanically or
chemically at the desired foam height. Foam column heights depend on the
superficial velocity of gas, initial concentration of surface active agents and presence
of certain finely divided solid particles, co-surfactants, electrolytes in the liquid or

such other parameters that stabilize foams.

Mersmann (1962) measured foam height on sieve plates for pure and binary liquid
mixtures as functions of gas flow rates, and, those of viscosity and surface tension of
the liquid. While for pure liquid, foam height varied significantly with all these
variables, for binary mixtures it was invariant to viscosity and surface tension of the

liquid but affected due to accumulation of lower surface tension liquid at the surface.

Pozin et al (1964) studied the height of foam layers in sieve-plate and overflow type
absorbers with gas (CO, and air) and liquid (monoethanol amine and water) in counter
flow and cross flow patterns, respectively. The height of foam layer on sieve plate
increased continuously with the gas and liquid flow rates. In the case of over flow
plates, the height of foam layer decreased continuously with increasing air velocities
and this decrease was more for monoethanol amine foam than with the water foam.
They proposed correlations for calculation of initial height of foam layer for the two

types of absorbers for different dimensions and types of plates, flow rates of gas etc.
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Manvelyan et al. (1967b) studied the effects of initial height of liquid (4), superficial
velocity of gas, temperature, liquid-feed rate and composition of solutions on the

height of froth (H ,) formed in a 0.06 m diameter vertical column for carbonation of

sodium-metasilicate solution using lean carbon-dioxide gas. The ranges of variables

studied were: superficial velocity of gas: 0.5 to 2.0 m/s, H ,/hy: 2-10, concentration

of sodium metasilicate solution 200-600 kg/m’and initial height of liquid: 0.02-0.10

m. Empirical equations were proposed for estimation of H , in terms of the above

variables.

Grishina et al. (1971) studied the effects of initial height of liquid (%)) and surface
tension ( 0, ) on the degree of foaming, viz., the height of foam/ initial height of liquid.

Foam was generated by blowing air through surfactant solutions. They proposed a

correlation for foam height for 0.0025 to 0.01 percent solution of sulfanol as,
H, =7.85h)" exp|-3.85h, —104(c, - 0.08) | 2.18)

Dilman and Gazizulin (1984) proposed a correlation for estimation of foam height as
functions of superficial velocity of gas and liquid flow rates for absorption of chlorine

gas in monoethanol amine solution.
2.6.1.5 Shapeand sizedistribution of bubbles

Structure of foams and measurement of foam bubble sizes have been studied and
reported by many investigators (Calderbank and Rennie, 1962; Thomas et al., 1995;
Lipping et al., 2003). These studies have proved useful in the theoretical investigation
on foam drainage phenomena. It is reported that (Deshpande and Barigou, 2000) at
low gas velocities foams form with a polyhedral structure while at substantially higher
gas velocities foam bubbles formed are spherical in shape. Shapes of bubbles have
been correlated with liquid content by Leonard and Lemlich (1965). Foams with high
liquid content are called wet foams and possess spherical bubbles while polyhedral
bubbles are formed with low liquid content when foams are termed as wet foams.
With low to moderate viscosity liquids and also when foam bubble sizes are not very
small, the foam bubbles at distances higher than about one bubble diameter above the
liquid pool are polyhedral. These polyhedral bubbles have been idealized by a regular
pentagonal dodecahedral shape (Figure 2.2 (a) and 2.2 (b)).
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Figure 2.2 (a) An idealized pentagonal

dodecahedral foam bubble Figure 2.2 (b) Photograph of a set of

three nos of pentagonal foam bubblesin
a foam-bed reactor operated at low gas
velocity

Shape and size distribution of bubbles in the foam columns have been studied by
many investigators by photographic technique and image analysis (Calderbank and
Rennie, 1962; Xie et al., 2004; Thomas et al., 1995). A large number of investigators
have reported mathematical models of foam-bed reactors based on the pentagonal
dodecahedral shape of foam bubbles (Biswas and Kumar, 1981; Bhaskarwar and

Kumar, 1984; Jana and Bhaskarwar, 2010).

Calderbank and Rennie (1962) measured Sauter mean bubble diameter of foam
bubbles formed on sieve-plates having 1/8 in. diameter holes and produced using air
and water in a rectangular perspex column. The range of superficial velocities of gas
and liquid flows were 0.15 to 0.76 m/s and 0.015 to 0.6 m’/s, respectively. Froth was
formed at higher gas velocities. The bubbles were photographed and Sauter mean
bubble diameters were estimated using the “pin-dropping technique”. The bubble
diameters estimated using the above method in the cellular-foam region were found to
be much larger than those obtained from optical reflectivity and y-ray transmission

measurements.

Shah and Mahalingam (1984) experimentally determined the foam-bubble size using a
photographic technique. For the three wire mesh sizes 20, 60, and 100 used by them,
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the corresponding Sauter mean bubble diameters were found to be 5.4 x10° m, 2.85

x10” m and 2.2 x10” m, respectively.

Lipping et al. (2003) used a capillary probe fitted with photoelectric sensor to measure
the variation of bubble-size distribution in a protein-foam fractionation column. It is
reported that the size distributions of foam bubbles were affected by the column wall.
The protein-concentration distribution along the cross-section of the column was
found to be nearly constant during the steady-state operation of the column. It is
indicative of the fact that the bubble-flow distribution attained a flat profile across the
height of the column.

Xie et al. (2004) measured liquid hold-up and condensate of the overflowing foams in
a vertical foam column and thus obtained the average size of foam bubbles. The
experiments were performed with different orifice diameters, gas-flow rates and
sodium dodecyl sulphate concentrations. They observed an increased coalescence of
bubbles and a decreased flow rate of foam condensate with the use of smaller diameter
orifices. They also performed image analysis to determine the size of foam bubbles in

the column.
2.6.1.6 Liquid hold-up

Liquid hold-up in a foam column has been determined experimentally by different
methods by various investigators, e.g., through measurement of pressure-drop data
using a manometer connected to a foam column (Houghton et al., 1957); that of linear
foam velocity and flow rate of foamate in a foam column (Rubin et al., 1967),
collecting the foam overflowing through the column exit ( Hoffer and Rubin, 1969),
finding the electrical conductivity of foam using platinum electrodes inserted into the
foam column at different foam heights ( Shih and Lemlich, 1971); incorporating a
radio-active tracer (**NaCl) to the liquid and measuring the y-radiation (Hartland and
Barber, 1974); drawing foam through application of vacuum into a bulb from a given
height of a foam column, and measurement of the volume of liquid after collapse of
the foam (Biswas and Kumar, 1981), and using fixed y-ray absorption densitometer

(Steiner et al. 1977, Desai and Kumar,1983,1985).

Houghton et al. (1957) estimated liquid hold-up value in the foam column using the

manometer readings collected for pressure drop measurement. Water, various organic
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solvents and aqueous solutions along with nitrogen, oxygen, and carbon-dioxide gases

were used for the generation of foam.

The following force-balance equation was used for estimation of liquid holdup:

p,H,g=p,h,g 2.19)
it follows that

P, h
Py H, (2.20)

where p ; and H , are the mass density and height of the foam, and p,,and /4, are the

mass density of the manometer liquid and the differential height in the manometer,

respectively.

p,can be taken as the liquid hold-up in the foam column as pg <<p;. They found that

the bubble diameter increased as the superficial gas velocity was increased. Foam
columns were found to be more sensitive to the number, size, and distribution of pores

in the gas-distributor plate than that observed in fluidized beds.

Ambulgekar et. al. (2004) calculated the liquid holdup by measuring the hydrostatic
head of liquid contained in the foam as detected by a micro manometer and with the
knowledge of foam height at different times of process operation. The foam density

p; 1s determined from equation (2.20) and (2.21) and is used for the calculation of

liquid holdup.
h,p
=—nlm 221
Py H, (2.21)
Also p; =&,p,+&.Pg (2.22)
Since gpc << ;lp,
Therefore P, = 8_1,01 (2.23)
So liquid hold up
s =2 (2.24)
P
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2.6.1.7 Masstransfer coefficient

Mass-transfer coefficient values are reported to be higher in a foam-bed reactor over
that in a bubble column reactor under otherwise identical operating conditions. Values
of this parameter has been reported to be dependent on initial heights of liquid in the
storage section, height of foam in the column, superficial velocity of gas, radius of
foam bubbles and viscosities of gas and liquid. Details of correlations proposed by
various investigators are enumerated below.

Helsby and Birt (1955) observed larger values of the overall gas phase mass-transfer
coefficient, K ,, in a foam reactor than in a conventional packed tower and extent of

absorption in % cu. ft of foam was found to be more than that in a 4 cu. ft packed
volume. These authors have demonstrated that a foam column is more efficient than a
conventional packed tower for the absorption of CO, gas from its mixture with air in
monoethanol amine (MEA) and caustic soda (NaOH). For the same system, NaOH-
CO,, a different group of investigators (Maminov and Mutriskov, 1969) proposed a
correlation for liquid phase mass-transfer coefficient in a continuously operated foam

column:

0.7 -0.5
k, =535x10°H, ™ {M} (1 4 (”—GJ] (2.25)

Tso H;

Where, W, is the difference in flow rates of gas and liquid, 7,, the bubble radius and
H , the foam height.

CO; absorption in aqueous glycerol and cane-sugar solutions in a foam column was
reported by Onda et al. (1969) and that in sodium hydroxide solution by Mutriskov et
al. (1964). While the former group of authors proposed correlations for the
temperature dependence of mass-transfer coefficient, the latter group obtained the
relation, Sh = 0.7 Re**Sc’ for estimation of the mass-transfer coefficient, k. The
values of volumetric mass-transfer coefficients in a foam column were found to be
several times larger than those in a packed column, but smaller than those in a bubble
column.

Rukhadze et al. (1990) studied CO, absorption in barium-sulfide solution in a
continuous foam-bed reactor for precipitation of barium carbonate. They determined

optimum conditions for maximum yield of BaCO; (99.9%). This was obtained for a
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Ba$ concentration of 46 kg/m’, carbon dioxide concentration of 57 volume percent,
temperature 60 °C, and solution-feed rate of 1.67 x 107 m*/s (10 ml/min). Desorption
of CO,, a liquid-phase controlled process, from stable aqueous foams using water-
saturated air has also been reported (Weissman and Calvert, 1965) with a critical
analysis of the experimental data.

Shabel’nikov and Mukhlenov (1963) reported absorption of SO, and Cl,, the two
gases moderately soluble in water, from their mixtures with air at 16 °C and 7 °C,
respectively. The authors studied the effects of various operating parameters viz. foam

height (H ), initial height of liquid in the storage section (/4y), superficial velocity of

gas (V,;), flowrate of liquid (Q) and proposed a correlation for estimation of the values

of mass-transfer coefficient
k, = B.H ,"“h "V, 0™ (2.26)

The values of the constant B; are 9.2 for SO, and 4.3 for Cl,.

Shah and Mahalingam (1984) studied mass transfer with chemical reaction in a foam
reactor using lean carbon dioxide gas. Nonionic and cationic surfactants, Triton X-100
and hexadecyl trimethyl ammonium bromide (HDTMAB), respectively, were used for
generating stable foam. The variables studied were gas flow rate, wire mesh size and
nature of surfactant. The gas holdup and interfacial area were determined
experimentally. The liquid-side mass-transfer coefficient and modified interfacial

mass-transfer coefficient were determined semi-theoretically.

2.6.1.8 Surface coefficient

In most of the studies on foam reactors, a surface-active agent has been used in small
amounts, generally sufficient to produce stable foam. Though, it has often been found
that the addition of a surfactant reduces the rate of interphase mass transfer, instances
of enhancement in mass-transfer rate are not uncommon. Two mechanisms have been
proposed to explain the reduction in mass-transfer rate, viz. the hydrodynamic
mechanism (Llorens et al., 1988), and the barrier mechanism (Goodridge and
Bricknell, 1962). According to the hydrodynamic mechanism, the hydrodynamics of a
flow system changes due to the presence of a surfactant and that this is the principal

cause of the reduction in the rate of mass-transfer. The barrier mechanism, on the
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other hand, postulates that in addition to the hydrodynamic effect, the surface-active

agents physically block the interface, and thus the rate of mass transfer is reduced.

The effect of surface-active agents on mass transfer in gas-liquid systems have been
studied by various investigators using wetted-wall column (Ternovskaya and
Belopolskii, 1950; Emmert and Pigford, 1954); modified wetted-wall column (a thin
film running down a sphere, Cullen and Davidson, 1956); manometric apparatus
(Blank and Roughton, 1960); stirred vessel (Goodridge and Bricknell, 1962) and
liquid laminar jet (Caskey and Barlage, 1972).

Jana and Bhaskarwar (2012) proposed a model for estimation of surface transfer
coefficient for absorption of pure CO, gas in saturated lime solutions. Experiments
were performed in a modified manometric apparatus. Three types of surfactants,
Triton X- 100, SDS and CTAB: cationic, anionic and non-ionic, respectively were
used for these studies. Volume of gas absorbed was calculated using the model
developed along with the manometer reading obtained from experiments of gas
absorption in lime solution with and without addition of surfactant to it. The measured

values of surface transfer coefficient varied from 0.350 x10™* to 1.068 x10™ m/s.

Surface resistance to mass transfer in liquid-liquid systems have been measured using
two methods, viz. by measuring the rate of mass transfer to and from a drop moving
through a stagnant liquid, and in the second method by measuring that across an

interface between stirred liquids.
2.7 Absor ption with/ without chemical reaction in foam-bed reactors
2.7.1 Gas-liquid-solid foam-bed reactors

Precipitated calcium carbonate (PCC) and sodium dodecyl sulfate are used for the
manufacture of tooth paste (e.g., Colgate). PCC and CTAB (an antifungal agent) are
mixed with hydrated magnesium silicate and other ingredients for the manufacture of
face powder. PCC can, therefore, be produced in a slurry-foam reactor using SDS or
CTAB depending on its usage and preferably with a thermal or mechanical method of

foam breaking for maintaining the desired foam column height.

Usually, a small but known amount of a surface-active agent is added to the liquid in

foam reactors for the generation of stable foam. Usage of a foam-bed reactor (Fig. 2.3)

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 40



LITERATURE SURVEY

is, therefore, especially suitable when the surfactant solution is recycled back to the
reactor so that the recurring cost of surfactant and the pollution of water due to its
discharge to water bodies can be minimized. This reduces the need for fresh water as
well. Gas absorption with a precipitation reaction, e.g., carbonation of hydrated lime
using carbon-dioxide gas, is a typical example of such a reaction and can be
advantageously carried out in a foam-bed reactor such that the unreacted gas, if any,
and the solution containing the surfactant can be recycled back to the reactor after
separation of the product solid. Presence of surfactant in the reaction medium protects
the equipment from fouling arising due to the highly sticky hydrated lime present in

slurry and also helps in easier cleaning of the equipment.

Asolekar et al. (1988) studied the absorption of lean carbon-dioxide gas in slurries of
hydrated lime. The authors developed a mathematical model for a semi-batch foam-
bed reactor based on the idealized pentagonal dodecahedral structure of cellular foam
and verified it using their experimental data. Although the storage constituted about
85 percent of the total liquid charged into the reactor, the authors assumed the extent
of gas absorption in the storage section to be negligible. The diffusion equation for
species ‘A’ was written only for absorption in the pentagonal slurry-foam films in the
foam section. The effects of time of reaction, composition of slurry, and nature of
surfactant on the rate of consumption of calcium hydroxide were investigated. The
plots of calcium hydroxide consumed versus time were observed to consist of a
constant-rate period and a falling-rate period. The reaction between the dissolved solid
species ‘B’ with the absorbed gaseous component ‘4’ occurring in the foam films was
assumed to be pseudo-first order. The authors found the model to agree well with the
experimental data when distribution of particle-size instead of the average particle size

was incorporated in the model.

Stangle and Mahalingam (1990) used two glass columns of 0.86 m and 0.41 m length
to study the absorption with chemical reaction of lean carbon-dioxide gas in slurry-
foam reactors operated under steady-state conditions. The effects of solids loading,
gas-flow rate, wire-mesh size, height of foam column, and type of surfactant on the
stability of foams, rates of gas absorption, and dissolution of solids on the reactor
performance were investigated. Using the experimental data, they evaluated the solid-
liquid mass-transfer coefficient, average gas-absorption rate, pressure drop, gas-liquid

interfacial area, foam-bubble size, solid-liquid interfacial area and gas hold-up.
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The authors derived analytical equations to predict the effect of solids dissolution on
the specific rate of absorption of carbon-dioxide gas in the stable-foam stage of the
foam reactor. Solids loading, gas-liquid interfacial area and foam-flow rate were the
three significant parameters shown to affect the performance of a three-phase slurry-

foam reactor.

Jana and Bhaskarwar (2010) reported their studies on absorption of pure carbon-
dioxide gas in lime slurry in a foam-bed reactor. The authors emphasized that the
diverse foam-bed reactor models, published in the literature for the cases of negligible
conversion in the storage section of a foam reactor, need to be re-examined for the
reason that storage section contains 60 to 85% of the reaction mass and therefore its
contribution towards total conversion can not be neglected. They reported a composite
model for a slurry-foam reactor taking into account the contributions of both the
sections of the reactor towards gas absorption, solid dissolution and reaction
incorporating sparingly soluble fine particles. In this case, since the reaction occurs in
the liquid phase, concentration of component B (present as particles and also dissolved
in the solution) in the liquid phase reduces due to reaction while simultaneously
increases because of continuous dissolution of suspended particles. Therefore, the
instantaneous concentration of B required for calculation of reaction rate and the total
loading required for the calculation of conversion, can’t be written in the conventional
way. The authors (Jana and Bhaskarwar, 2010) reported the pertinent mass-balance
equation for this special case for the calculation of the instantaneous concentration of

component B in solution and its total loading in the reactant slurry.
2.7.2 Gas-liquid foam-bed reactors

Since the year 1939 a large number of studies on gas absorption in gas-liquid foam
reactors have been reported in the literature. Early studies on foam reactors were
mostly focused on development of empirical correlations for mass-transfer
coefficients, gas-liquid interfacial areas, drainage rates of foams etc, or on removal of
dust particles from dust laden exhaust gases. (Luchinsky, 1939; Helsby and Birt,
1955; Jackson, 1963; Weissman and Calvert, 1965; Plevan and Quinn, 1966;
Maminov and Usmanova, 1968; Onda et al., 1969; Kaldor and Phillips, 1976; to name
a few). Starting from nineties, quite a few models on gas-liquid foam-bed reactors

depicting more insight of the physical phenomena have appeared in the literature
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(Biswas and Kumar, 1981; Bhaskarwar and Kumar, 1984; Shah and Mahalingam,
1984; Bhaskarwar and Kumar, 1986; Bhaskarwar, 1987; Bhaskarwar et al., 1987;
Biswas et al. 1987; Stangle and Mahalingam, 1989; Bhaskarwar et al., 1990; Sree,
1993; Bhaskarwar and Kumar, 1995; Bhattacharhee et al., 1997; Subramanyam et al.,
1999; Reddy and Bhaskarwar, 2000; Bhattacharhee et al., 2001; Varshney et al., 2003
and Sharma et al., 2005).

Conflicting reports of the effects of foams on the performances of strippers,
absorption and distillation columns, fermentation broths, and, operational problems in
the paper, sugar, beer and many other manufacturing units has been cited in the
literature. While many investigators (Chen et al., 2007) observed increased rates of
mass transfer in fermentation broths and absorption or distillation columns for its
operation in the frothing region, others (Kister, H.Z., 2003) reported a decrease in the
performance of these contactors. In the following paragraphs, observed effects of

foams on performances of gas absorption have been presented.

The first attempt to discover the potential of a foam-bed reactor as an efficient mass-
transfer device was made by Luchinsky, 1939. Weissman and Calvert (1965) studied
desorption of CO, and NH; from aqueous foams flowing through a pipe placed
horizontally. These two systems are liquid-phase controlled and gas-phase controlled,
respectively. The authors used the number of transfer units approach to analyze their
experimental data. Two correction factors were incorporated in the expressions for

number of transfer units.

Biswas and Kumar (1981) proposed a new model of a foam-bed reactor incorporating
idealized dodecahedral structure of a foam bubble. Bhaskarwar and Kumar (1984)
modified this single stage model for application to a gas-liquid foam-bed reactor. The
reaction was assumed to be pseudo-first order. Effects of initial concentration of
sodium sulphide, catalyst loading and average liquid hold-up on conversion of sodium
sulfide were studied in a 1.5 m tall foam column. Predictions of the model agreed well

with the experimental data.

Bhaskarwar and Kumar (1986) presented a modification of the single stage model
over their previous model (Bhaskarwar and Kumar, 1984) for oxidation of sodium

sulfide by air in presence of activated carbon as the catalyst. The details of the model
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proposed by Biswas and Kumar (1981) and modifications of this model by various
investigators have been discussed in detail later in this chapter.

Table 2.4 Reported correlationsfor estimation of parameter valuesin a foam-bed

reactor
S. Parameter Correlations Reported Reference
No.
1 Film 2a=4u,H, / gpt, Bikerman, J. J.,
Thickness (1956)

2 Pressure drop | Ap;=1.45 K, (p¢ u02/2g) ;

Jackson, J. (1963)
Ap, =0.85h, p+ 0.2 o, (10%)

3 Foam height Hy=435x107 (b, VGO'5 (' V%) Jackson, J. (1963)

4 Mass-transfer Shabel’nikov and

0.8
kl — BII_IfO.SS h() 0.02 VG Q0.4

coefficient, &, Mukhlenov, (1963)
5 Drainage rate v, /V} o=1- e Cla Kruglyakov and
Taube,(1965)
6. | Specific a, =(6g;/d,); g, =1-( Pl p) Rodionov et al.
interfacial area (1966)
7. Liquid holdup Y (MVG)S/7db2/7 i (V)"
[ - T
(p,g)W(J,H_ f’)4/7 (08" (oH f)2/7dh6/7 Hartland and
Barber (1974)

Bhaskarwar et al. (1987) presented a theoretical analysis of mass transfer with
chemical reaction in an oil-in-water type emulsion foam-bed reactor. The authors
studied the mechanisms of mass transfer in this modified system and developed a
mathematical model through extension of the single-stage model proposed by
Bhaskarwar and Kumar (1984). Species 4 in the gas phase was assumed to be the
limiting component and surface resistance offered by the surfactant was neglected.
The effects of distribution coefficient of organic phases, the size of droplets and
volume fraction of organic phase on the fractional rate of gas absorption were studied.
A model for simultaneous mass transfer to both aqueous and organic phases was also
developed. A finite-difference method was used for simultaneous solution of the two

partial- differential equations.
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Biswas et al. (1987) presented a modified model over that reported by Biswas and
Kumar (1981) by incorporating surface resistance for absorption of carbon-dioxide
gas in sodium- hydroxide solution containing a surfactant in a foam bed reactor.
Bhaskarwar et al. (1990) developed a general model of foam-bed reactor. Depending
on the specific cases, the model could be reduced to one of negligible conversion in
the storage section or that in the foam section. Variation of concentration of
component A4 in the gas phase, and that of component B in solution and of dissolved
species 4 in the liquid with time could be predicted using the model. A good
agreement was found between the model predictions and the previously reported
experimental data by Bhaskarwar and Kumar (1984) for the oxidation of sodium
sulphide in a semi-batch foam-bed reactor.

Sree (1993) used a sub-model for prediction of mass transfer from the adjacent gas
pockets into the micro-emulsion foam film. Simulation results of the effects of
average velocity of foam bubbles, thickness of foam films, volume fraction of
dispersed phase in the micro emulsion, reaction velocity constant, surface area of
micro emulsion film, distribution coefficient of reactant between aqueous and organic
phase and time of absorption on the extent of absorption of gas in the foam film were
presented. The methodology adopted was reported to be more effective for slow
reaction.

Bhattacharjee et al. (1997) studied the phenomena of concentrating protein using
casein and bovine serum albumin (BSA) solutions in a batch foam columns. A larger
height of liquid pool and a higher drainage time produced better protein separation.
The most important phenomena for separation of protein from solution in the foam
column were identified as adsorption of protein at the gas-liquid interface on the film
surface and drainage of liquid from the foam film. The authors proposed a model for
predicting separation factor and the model predictions agreed well with the

experimental data.

Varshney et. al. (2003) studied gas absorption under pseudo-zero order reaction
system for oxidation of aqueous solution of sodium dithionite using air in a foam bed
reactor. Triton X-100 was used for generating stable foam and the experiments were
carried out at 30° C temperature and at atmospheric pressure. The variables studied
were superficial gas velocity and initial liquid phase concentration of reactant on

conversion. Conversion of dithionite was found to increase with the increase in its
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initial concentration in solution and with the superficial velocity of gas. The simulated
results were presented for the effects of gas flow rates, reaction rates and time of

contact. The simulated results agreed well with the experimental data.

Sharma et al. (2005) developed a mathematical model of a foam-bed reactor for
simultaneous absorption, reaction and desorption of gas in a foam reactor. This model
incorporates the gas-phase and surface resistances, which were not taken into account
in most of the published models of foam-bed reactors. The model incorporates all the
coupled processes in the reactor. The authors used a modular approach to find out the
transient concentration profiles of the gas-phase reactant 4 and that of the product
inside the surface element of a single foam film with the help of a sub-model. Effects
of kinetic, physicochemical and system parameters on fractional gas absorption were

analyzed.

Depth of liquid in the storage section being low and gas-liquid contact time small,
extent of gas absorption or conversion of reactants in a single column remains low for
a once through gas-liquid contact and therefore, a single reactor cannot be used for
continuous operation to obtain high conversion. Either semi-batch operation of single
reactor with provision for foam breaking, recirculation of condensate, or, reactors in
series (Jana and Bhaskarwar, 2010) are essentially required for obtaining high

conversion.
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Figure2.3 A schematic diagram of a foam-bed reactor

2.8 Foam-bed reactor moaels

In the early models to interpret the experimental data on gas absorption with/ without
chemical reaction in foam columns, all the investigators considered the bubbles to be
spherical. However, this is not true under all operating conditions. The foam bubbles
are polyhedral in shape (Deshpande and Barigou, 2000) and this is especially true in
the range of low gas velocities normally used for the operation of foam-bed reactors.
The bubbles in foam columns are idealized in accordance with the laws of foam

structure (Plateau, 1873) as regular pentagonal dodecahedrons (Fig. 2.2).

2.8.1 Multistage model of foam-bed reactor: The first attempt to develop a realistic
model of a foam reactor was made by Biswas and Kumar (1981). However, in the

development of the model to predict the performance of the reactor, they considered
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the contribution of only the foam section towards the conversion of reactants as they
found the extent of gas absorption in the storage section to be less than 5 percent of

the total. This aspect has been analyzed at length in this work.

For the absorption of CO, in NaOH solution, the experimental conditions maintained
were such that the reaction kinetics conforms to fast pseudo-first order reaction.

Calculations from experimental conditions: 7. = 0.0385 m, V; = 1.0 x 10* m® and the
variables: H ;= 0.05 m, 8_,2 0.017 for set I; H ,=0.26 m, 8_,= 0.085 for set II used by

these authors (Biswas and Kumar, 1981) show that only about 4 to 10 percent by
volume of the total liquid charged into the reactor constitutes the foam section.
However, for the development of their model, the authors (Biswas and Kumar, 1981)
assumed the entire phenomenon of mass transfer accompanied by a fast pseudo-first
order reaction to occur within this limited volume of liquid in the foam section.

Although, the storage section liquid has been assumed well stirred (/,= 1.93 x 107 to

2.06 x 107 m, ¥, = 8.1 x 107 to 22.5 x 10 m s™) but its contribution to the

absorption of gas and the overall rate of reaction has been assumed negligible in
comparison to that in the foam section where gas absorption occurs exclusively by
molecular diffusion. To emphasize this, gas inlet has been shown to the foam section

and not to the storage section.

On the whole, this model (Biswas and Kumar, 1981) has an invaluable contribution to
serve as a starting point to develop superior models for such systems and impart a
deep insight into the absorption-reaction phenomena occurring in this novel reactor.
This rigorous model being the first of its kind, the pertinent differential equations,
boundary- and initial conditions and the final solutions are cited here, although the

detailed analytical solution and the calculations are highly involved.

The material-balance equations (Biswas and Kumar, 1981) for liquid-phase

component B in the storage and foam sections are as follows (Fig. 2.4).

Storage section:

%% 20,106, -06,-06, (2.27)

Foam section:
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0,Cpy = Z q,Cg, (2.28)
i=1

,where

Q=2 4 (2.29)

i=l

The unsteady state diffusion of component 4 with pseudo-first order reaction in the

pentagonal films of dodecahedral bubbles are written as

oc oc,
A :DA A

> - ac, (2.30)

, where C, ' is the concentration of reactant A in the foam film at position x and

contact time 7., and 1=k,C,.

The initial and boundary conditions for the solution of equation (2.30) are described

below.

The simplifying assumption that the liquid films surrounding a bubble leaving the
storage and entering the foam section do not contain any dissolved reactant 4, was
used to signify that the storage neither contributes to absorption nor to reaction. The

initial condition was therefore written as
At t, =0, -a<x<a, CA/:O (2.31)

The boundary condition was obtained by writing mass balance for component 4 over
a half-film/ gas-pocket (one-twelfth of the volume of gas in a bubble) system
considering that the rate of decrease of component 4 in the gas pocket was equal to its

rate of increase in the liquid half-film by its absorption:

ac,

At 150, x=-+ta; -(%’)(L)%#(S)DA 232

, where L and CA/ =k,C .

— b
12.k,.8
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To account for the variation in the liquid hold-up values in the foam column, the foam
height was divided into a number of sub-sections, m, each with a height equal to one

bubble diameter and having different liquid hold-up values, &,,(i=12,...,m).

For the special case of semi-batch operation of a reactor (Q=0), the solution of
equation (2.27) for transient concentration of component B in the storage section was

obtained (Biswas and Kumar, 1981) as,

C, =C,, _l[zRBAQdMl n 2Ry, (0, —q)M, - M,)
g d £ (2.33)
2R, (O, —(q,+q, + .. +q, )M, —M, )
+ 7 10

m

The above model, developed for gas absorption accompanied by a fast chemical
reaction, does not take into account the surface resistance arising due to the presence
of surfactant in the liquid, especially important for a fast reaction, because the authors
did not use any surfactant in their experiments. Gas-phase resistance for absorption of
a component from a lean gaseous mixture known to be important for very fast
reactions is not seen to be included in the model. Most importantly, the assumption
that all the gas absorbed got reacted then and there in the different sub-sections of the
foam column necessitated the use of local liquid hold-up values and increased the

complexity of calculations.
2.8.2 Simplification of the multistage model of foam-bed reactor

A simplified version of the model proposed by Biswas and Kumar (1981) was
developed by Bhaskarwar and Kumar (1984) with the objective of validating their
experimental data on oxidation of sodium sulfide in a foam-bed reactor. They

assumed the entire foam column to be a single section with a constant average liquid
hold-up (&), based on the findings of Desai and Kumar (1983) that within about 3 x

107 to 4 x 10% m from the liquid-foam interface, the liquid hold-up in a foam bed
decreased upwards very rapidly and thereafter remained almost constant at higher
heights of the foam column. The constituent equations and the analytical solution
obtained were therefore simpler and eliminated the need for calculation of individual
bubble volumes, drainage rates, gas-liquid contact times, half-film thicknesses etc for

every sub-section of the foam column without appreciable loss of accuracy in the
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prediction of the reactor performance. However, the contribution of storage section
towards the overall conversion in the reactor was not incorporated in this model also

as they found negligible conversion in the storage section.

The assumption of negligible extent of gas absorption and conversion in the storage
section and the concept of the single-stage model developed by Bhaskarwar and
Kumar (1984) were adopted by Asolekar et al. (1988) to develop a model for a slurry-
foam reactor. However, in this case, the effect of surface resistance due to the
presence of surfactant at the gas-liquid interface in the foam section was taken into
account in the diffusion equation for component 4 written for the foam section. The
entry of the lean gaseous mixture was shown into the storage section and not into the
foam section as it was done for the models developed by Biswas and Kumar (1981)

and also that by Bhaskarwar and Kumar (1984). However, the concentrations of

component 4 were shown to be  C ® both in the inlet as well as in the exit streams

from the storage section. This was done to emphasize that the extent of gas absorption
in the storage section was negligible and to be specific, ‘zero’ as with all the other

Ccasces.

Very similar concept is found to be applied for the development of a model by Stangle
and Mahalingam (1990) for a continuously operated slurry-foam reactor for
carbonation of lime in aqueous slurry using lean carbon-dioxide gas. The initial gas
composition, solids loading and size of suspended particles have been measured at the
inlet and exit of the reactor, whereas the differential equation representing the material
balance equation has been integrated numerically from bottom to top of the stable
foam stage, excluding the ‘foam generation section’ located below the ‘stable foam

stage’ for comparing the computed values of the exit gas composition with those of
the experimental data and thereby estimating the unknown value of &, iteratively.

The contribution of the ‘foam generation section’ towards gas absorption, solid
dissolution and overall rate of reaction was therefore neglected. It may be observed
that the gas concentration and average particle size has been determined upstream of
the foam generation section constituting the well-stirred pool of slurry with the feed

gas.
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Figure 2.4 Model representation of a foam-bed reactor (Biswas and Kumar,
1981)
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Gaikwad and Bhaskarwar (2007) reported the removal of CO, gas by treating it with
aqueous barium sulphide (BaS) solution in a semi-batch foam-bed reactor. The
system studied comprises of simultaneous gas absorption, chemical reaction and
desorption. The variables studied were height of foam bed, initial concentration of
barium sulfide in aqueous solution, gas flow rate, concentration of carbon dioxide in
the feed gas diluted with nitrogen, volume of the barium-sulfide solution charged into
the reactor, surfactant concentration in the aqueous solution, and the nature of
surfactant. Effect of other parameters like temperature and addition of different

concentrations sodium chloride were also studied.

Gaikwad et al. (2010) studied the performance of a foam-bed reactor for carbonation
of barium sulfide using lean CO,. Reactant solution was prepared by dissolving
commercial barium sulfide containing about 60% BaS. The variables studied are
height of foam bed, initial concentration of barium sulfide in aqueous solution, gas
flow rate, concentration of carbon dioxide, volume of barium sulfide solution charged
into the rector and the surfactant type and its concentration in aqueous solution.
Maximum conversion of barium sulfide was obtained at a foam height of 0.4 m
beyond which, the conversion decreased as the reverse diffusional flux of desorbing
hydrogen-sulfide gas dominated the advantages of larger interfacial areas and contact
times. Conversion increased almost by a factor of 2.5 to 3.0 with an increase in the air
flow rate in the range 4.17 x 10 m?/s to 12.5 x 10” m’/s. Conversion also increased
with an increase in the concentration of CO, gas. However, it was observed to
decrease with an increase in the concentration of BaS in the feed solution,
concentration of surfactant and volume of solution charged to the reactor. The authors

proposed a model for the system studied and verified it with their experimental data.

2.8.3 Composite model: The above analysis that all the reported models have been
developed considering negligible conversion in the storage section although it
constitutes 65 to 96 percent of the total volume of liquid / slurry charged into the
reactor, led Jana (2007) to confirm this aspect by performing experiments in
conventional bubble column- and foam-bed slurry reactors for carbonation of hydrated
lime slurry using pure carbon-dioxide gas under otherwise identical conditions.
Contrary to all previous findings, storage section was found to be the main section
governing the performance of the foam-bed slurry reactor. Accordingly, a composite

model for a semi-batch foam-bed slurry reactor was developed by combining the
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contributions of the storage and foam sections towards the overall conversions of the
reactants. This new model was found to produce good agreement with the
experimental data. Being the most realistic model of a foam-bed reactor published so

far, a brief discussion of the model is presented below.

Estimation of the instantancous value of conversion of Ca(OH),, referred as
component B here, needs its initial total mass mB(o)T and its total unreacted amount, as
a function of time mB(t)T . Amount of Ca(OH), being reduced in solution due its
consumption by reaction with CO,, referred as component 4 here, and increased in
solution due to dissolution of its sparingly soluble fine particles, total mass of B in the
slurry mB(,)T is determined by summing up the mass of B present in solution and that as
suspended particles. Simultaneous solution of transient mass balance equations for
components 4 and B in solution and those of the suspended particles, as shown below,
are therefore performed to obtain mB(t)T. Detailed derivation of the material balance

equations have been described elsewhere (Jana and Bhaskarwar, 2010).

V,..—=V .
Lo (k0 a,(Cy = Co)E, +—o b Lo
dt Vi Vi Vo
. (2.34)
(Z n ”dpkz Ve, (Cp = Cp)V, .
= V R - 2k2CAsCBs
1 BA
dC ,. Z V.
— B =N (nnd YWk N Cy — Cp ) =L —2R,,k,C, Cp (2.35)
= v,
d(znpkvpk )Ps . .
HT =[(Q, 1. /Vs1)+1][_(z npkﬂdpkz)(kSL WCp —Cp )M, ] (2.36)
=1

The initial conditions for solution of the ordinary differential eqns. (2.33) to (2.35)

arc:

At t=0,C, =0;C, = CBi;vpk =V 0 (2.37)

The diameter of the suspended particles reduces with time, thereby reducing the
availability of solid-liquid interfacial area for dissolution. Particle diameters in lime

samples have been observed to vary widely, say 0.5 to 45 um in some of the samples

used by the authors (Jana and Bhaskarwar, 2010). These are conveniently divided into
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smaller volume fractions to obtain a meaningful average size and the corresponding
specific surface area for estimation of instantaneous rate of dissolution of particles.
The subscript ‘k’ indicates the different volume fractions of solid present in slurry.
Each fraction comprises of particles of a sufficiently narrow size range and d, in the
above equations is the average size of particles in & volume fraction of solid present

in the slurry at any time ‘¢’ during an experimental run.

Total molar loading of component B, required for conversion calculation, was
obtained by writing a mass balance equation for the component present as dissolved B

in solution as well as particles of reduced size at any instant of time.

2.9 Foam-bed reactorsin series. continuous oper ation

A laboratory scale foam-bed reactor consists of a small pool of solvent or a reactant
solution/ slurry and a tall column of foam above it. Hence, for production on an
industrial scale, using a continuous foam reactor, the volumetric flow rate of the
liquid phase being high, the conversion obtainable in a single reactor is likely to be
small. For achieving high conversion or high separation efficiency in a given volume
of solvent, it is therefore required to use multiple foam reactors, either in series or in
parallel. It has been suggested that reactors arranged in series are more convenient as
it obviates the need for recirculation of partially converted reactant or partially
saturated solvent.

Subramanyam et al. (1999) used the single-stage model of Bhaskarwar and Kumar
(1984) for gas absorption accompanied by a pseudo-first order reaction in continuous
operation and developed the performance equation for several foam reactors in series
for treatment of the effluent from Kraft paper mills. The predictions from the model
were presented in graphical form. It was suggested that similar charts may be
prepared for other reaction kinetics. Based on an assumed value of the aspect ratio of
the column, number of reactors in series may be determined for desired value of the

operating conditions and liquid holdup in the column.

Gaikwad and Bhaskarwar (2010) studied the design of a continuous foam-bed reactor
system for CO, removal from Power Plant Exhausts using BaS solution. They used
the single stage model (Gaikwad and Bhaskarwar, 2007) to a system of N foam-bed

reactors in series, equal in size, operated continuously. The reaction product
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consisted of particles of BaCOs and H,S gas. The specifications used for the design
problem are, effluent flow rate: 100 tons/day; concentration of BaS solution in the
feed stream: 0.56 kmol/m’ ; concentration of CO; in the feed stream: 1 x 102 kmol/
m’; gas flow rate: 8 x 10° m’/s; desired conversion: 95 percent and above. The
simulation was performed for different values of reaction velocity. A design chart
was proposed for the estimation of number of reactors in series as a function of
liquid hold-up in the column and aspect ratio as the parameters required for a given
plant capacity

Jana and Bhaskarwar (2011) extended the model of a semi-batch slurry-foam reactor
for carbonation of hydrated lime reported by them (Jana and Bhaskarwar, 2010) to
the design of N, continuous slurry-foam reactors in series for the manufacture of 50
tons of precipitated calcium carbonate per day using hydrated lime and pure carbon-
dioxide gas as the raw materials and Triton X-100 as the surface active agent. Details
of design data for slurry-foam reactors in series used by Jana and Bhaskarwar (2011)
are given below.

Rate of production of PCC: 50 tons/day; Purity of hydrated lime: 92.28 percent
hydrated lime, 7.72 percent CaCOs; Slurry flow rate: 3.0784 x 10 m’/s: Slurry
concentration : 150 kg hydrated lime/m 3 solvent: Concentration of surfactant (Triton
X-100): 1.64 kg/m’; Surface coefficient: 0.57 x 10™* m/s; Desired conversion of lime:
99 percent. The following performance equations were proposed.

The conversion, X, in the y’h reactor, any reactor in the series, at the end of reactor

operation time ¢ with a step size Af was given by:

V,.C," (0) +[Z(Q-(;)At)-CBT<y1>]— V,.Cyl () —[Z(Q(VV’)M.CBTMJ
Y= o - st (2.38)
V,.C,"(0)+ [Z(Q.(V—’).At.)c;@,l)]

During time period ¢, conversion obtainable in N, reactors in series was obtained as:

N, .CBT(0>+r.Q.(VVf>.CBT<0>—Z"V1.CBT<,‘,) —Z(Q(;’)At-)CBTW)
Yo sz I g (2.39)

N.V,.C," (0)+ t.Q.(;’).CBT (0)

sl

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 56



LITERATURE SURVEY

In equation (2.39), the first term in the numerator signifies the amount of component B
(k mol) in the slurry filled in all the N, reactors before the reactors start operating. The
second term indicates kmol of B entering the first reactor in the series that moves
through the successive reactors over the time period ¢. The third and fourth terms

indicate total moles of B left out in all the reactors after time ¢ and discharged from

N, " reactor during the reactor operation time 7, respectively.

It is interesting that a model developed for a semi-batch reactor operation was
extended to each of the N, reactors in the series operating in a continuous mode.
Considering the yth reactor in the series, volume of slurry (Q.(V/Vy).Af) which would
have entered a reactor during a small time step Az, (the entire quantity) is assumed to
enter the reactor at the beginning of the time step itself. The volume-averaged
concentrations and volumes of particles of each size are calculated using the mixing
rule (Jana and Bhaskarwar, 2011). These concentrations are used at the start of a time

step At for calculation of new concentrations and volumes at the end of time step, viz.,

C

Ao ? C By and Vs in reactor p using equations 2.33 to 2.35. C BTU,) is calculated

from a material balance equation written for total loading of component B and X is
predicted using equation 2.38. The above procedure is repeated for the subsequent

At’s.

2.10 Remarkson scopefor work: problem identification

The detailed survey of literature indicates that there are ample opportunities for further

studies both in the experimental as well as in the modeling areas on a foam reactor.

(1) Quite a few models on gas-liquid and gas-liquid-solid reactions in a foam-bed
reactor have been reported in the literature. Some of the models for absorption of lean
carbon-dioxide gas in NaOH solution assume negligible conversion in the storage
section although the storage constitutes more than 90 percent of the total reactant
solution charged into it. It is proposed to reexamine this assumption experimentally
and develop a composite model incorporating contributions of the storage section as

well if conversion in this section is observed to be significant.

(2) Experimental data reported in the literature on carbonation of hydrated lime slurry

using lean CO; gas in foam-bed reactor were obtained by analysis of product slurry
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drawn directly from the reactor at regular time intervals. While there are also reports
in connection with the product analysis of carbonation of hydrated lime using pure
CO, gas that the slurry being anisotropic, analysis of entire volume of product slurry
is essential. It is, therefore, decided to generate new experimental data for the

carbonation reaction using lean CO; gas.

(3) Rates of absorption of CO, gas in hydrated lime slurry and the reaction rates are
enhanced significantly with the increase in concentration of CO; in the feed gas
mixture, the equilibrium interface concentration of dissolved CO, being increased.
For a given value of particle loading and at a given temperature, total solid-liquid
interfacial area and interface concentration CB* remains invariant. Rate of dissolution
of lime is enhanced for the reaction to proceed at a higher rate with an increase in
concentration of CO; in the feed gas. This is possible only if solid-liquid mass-transfer
coefficient value is increased. In this work, it is intended to obtain a dimensionless
correlation for the solid-liquid mass-transfer coefficient as functions of concentration
of CO; in the gas phase and other significant variables used for collection of

experimental data.
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Mathematical models provide an insight into the different aspects of the system in
regard to transient behaviour of a system, reaction mechanism involved, effects of
operating variables and parameters on the system performance etc. In this chapter,
mathematical models for the two reaction systems performed in two different types of
reactors have been presented. Treatment of gas-liquid system being simpler than the

three phase system, models for the former is treated first followed by the latter.

3.1 Mathematical model for gas-liquid contactor: Absorption of CO, in NaOH

solution

Models have been developed for absorption of lean carbon dioxide gas, 0.22% to
0.49% by volume, from its mixture with air in sodium hydroxide solution, 0.23 to 0.87
(N), in semi-batch bubble column- and foam-bed reactors. The foam-bed reactor
comprises of a storage section and a foam section. The storage section is a pool of
gas-liquid dispersion and assumed to be well stirred with the rising gas bubbles. Mass
transfer with chemical reaction is treated using the principle of absorption into
agitated liquids for the development of models for this section. In the foam section, on
the other hand, mass transfer occurs into the foam films primarily by molecular
diffusion and the model is developed using the theories of absorption into quiescent
liquids. This section comprises of a column of rising foam bubbles. The theories
involved in the mass-transfer with chemical reaction in a bubble column being
simpler than that in the foam-bed reactor, bubble column reactor is treated first

followed by the foam-bed reactor.
3.1.1 Mathematical model for a gas-liquid bubble-column reactor

The transient conversion of reactant B, i.e. NaOH in solution in a semi-batch reactor
can be calculated using the expression:

CB(O) - CB(t)

X = x 100 (3.1)

B(0)

where, Cp(o) and Cpy) are the initial and transient concentrations of NaOH in the semi-
batch reactor. However, as component B is consumed by reaction with 4, its
instantaneous concentration, Cp( is calculated by using the reaction stoichiometry and

the material balance equation for component B. Rate of consumption of component 4

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 59



THEORETICAL CONSIDERATION

required for this is obtained by solution of diffusion-reaction equation for component

A.

The reaction between dissolved carbon-dioxide and OH™ ions have been reported
(Danckwerts, 1970) to follow the second-order reaction kinetics. The reaction occurs
in the liquid close to the gas liquid interface. For this irreversible reaction, bulk
concentration of dissolved gas, component A4 here, is considered to be zero
(Danckwerts, 1970). Concentration distribution of component 4 in the liquid film

close to the gas-liquid interface may be obtained from the diffusion-reaction

equation:
oC o’C
6;1 =DAT2A_k2CACB (32)

However, the experimental conditions in the present work was maintained to satisfy
the necessary conditions for the reaction between dissolved CO, and OH" ions to
follow the fast pseudo-first order reaction kinetics. These conditions have been taken
from the published work of Biswas and Kumar (1981) as well as verified further in
this work following Danckwerts (1970).

For this special case, when the concentration of reactant B in the bulk of the liquid is
maintained substantially high compared to a low concentration of dissolved CO; i.e.,
C," corresponding to a very low partial pressure of CO, in the gas phase, reactant B
diffuses from the bulk of liquid to the reaction zone located close to the gas-liquid
interface to nullify its (that of B) depletion by reaction and maintain the same
concentration of B as that existed in the bulk liquid. For this case, eqn. (3.2) reduces to
o°C,

oC
atA :DAax—z_/lCA (33)

where, A = k,Cp, the pseudo-first order reaction rate constant and Cp, the concentration
of B in the liquid film, virtually same as that existing in the bulk liquid, Cg, (Fig. 3.1).
Although the following B.Cs. show only the concentration of 4 as a function of time
and position, A contains Cz (= Cgy), value of which reduces with propagation of
reaction. This new value of Cp; is calculated from reaction stoichiometry and used for
calculation of new value of 4. The progress of reactor simulation continue to follow

the procedure.
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The initial and boundary conditions for solution of equation (3.3) are,

C, =0, x)0,  £=0 @)
c,=C,, x=0, )0 () (3.4
C, =0, x=w,  £)0 (iii)
o
L
Chs
CpF———==== m——

‘-‘_-: C-I__i*

5

2

O

Distance. x ——»

Figure 3.1 Concentration profiles for absorption with pseudo-first order reaction
(NaOH-lean COy)

It is important that B. C. (3.4) can be used for solution of eqn. (3.3) only for a small
time interval A¢, because along with the progress of reaction, B is consumed and
concentration of component B reduces. This new concentration having a lower value
than the previous Cp, value becomes the new value of Cg,. This new concentration of
B after a small time step A4t is calculated and assumed to have this same value in the
bulk liquid and that close to the gas liquid interface, and, eqn. (3.3) subject to B.C.

(3.4) is executed repeatedly following this procedure for the entire period of reaction.

The average concentration of A4 at x, averaged over the various elements constituting

the surface is defined following the surface renewal theory as,

C,=5[C,(x,0)e"d0 (3.5)
0
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Equation (3.3) and the boundary conditions (3.4) may be rewritten applying Laplace

Transformation as,

o°’C, —
DAKZAZCA(E'FS) (36)
and
C,=C,, x=0
CaT s d (3.7)
c,=0, X=00

Solution of equation (3.6) subject to conditions (3.7) for C " has been obtained

(Danckwerts, 1970) as,

— * xk A

C,=C, exp[-—,[(1+=)] (3.8)
D, s

The quantity ‘s’ in equation (3.8) is substituted, using the expression, k, = /D s to

obtain the average concentration of dissolved gas at a distance x from the gas-liquid

interface:

. k D
T, =C, expl-K | Pat

D, e ) (3.9)

The average value of molar flux, moles of component 4 absorbed per unit gas-liquid

interfacial area per unit time, is obtained as:

N, = sj N, (x,0)e’d6 (3.10)
0

Substituting the expression for N4 one obtains,
K dC

N,=s|-D,(—%) _,e*’do
A _([ A dx

= —DAs[i j C,e’do]._, (3.11)
dx 5

Making use of equation (3.5), eqn. (3.11) is rewritten as,
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_ dC
NA :_DA(_A

e )xe0 (3.12)

Substituting for C " from eqn. (3.9) into eqn. (3.12) one obtains,

_ d - xk DA

N, :_DA(ECA eXp[—D—; 1+ ka )i0) (3.13)
— «d xk DA

Or, N,=-D,C, (EGXP[_D_j (I+ ka )im0)

Substituting m = g—’ 1+ i”zﬂ )] and performing the required differentiation one
/

A

obtains,
N,=-D,C, {(-m)e[-mx] _y)}
On simplification, the final expression for estimation of average flux is obtained as

_ . D A
N,=kC, |0+ kAz ) (3.14)

!

Rate of consumption of B, i.e., total moles of B reacted over contact time Az, by this
fast pseudo-first order reaction, occurring in a zone close to the gas-liquid interface

is therefore obtained as,

W) sorage. 1 = Rp )k, C0 : 1+ iﬂl )@ )¥,)(Ar) (3.15)

Concentration of B in the storage section after time step Atis therefore obtained as,

i+ i 1 * D l
C,"' =C, —-[— R,k C, |1+

% e )i(a )V, )AD)]

where, a; is the interfacial area per unit volume of gas-liquid dispersion.

Or, C," = C,' = (Ry )k, C, /(1 + if‘f )}(a,)(AD)] (3.16)
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Conversion is calculated using eqn. (3.1) and the required transient values of Cp are

obtained from eqn. (3.16).

It may be observed that surface renewal theory has been used for the estimation of
transient concentration of B in the reactor. However, in the following development,
Higbi’s penetration theory or film theory has been used. This has been done so
considering some important findings by Danckwerts (1970). Absorption of CO; into
alkaline solutions was studied by Danckwerts et al. (1963) and the results were
reported to be consistent with both the Higbie and Danckwerts surface renewal model.
That the three models can be regarded as interchangeable for many purposes and one
of these can be chosen based on convenience, has been suggested by Danckwerts
(1970). These authors (Danckwerts, 1970) also argued that the differences between
the predicted values are expected to be less than the uncertainties considering the

values of the physico-chemical parameters used in the calculations.
Prediction of parameter values
(i) Estimation of C"

Solubility of CO, gas in water being substantially low, liquid phase resistance is
considered to be much higher as compared to that in gas phase. Even though lean
gaseous mixture has been used in the present studies, temperature of reaction is a bit
high, 30°C. It is known that gas phase diffusion coefficient increases by 7' while that
in the liquid phase by 7"°. The partial pressure-solubility relationship of CO, in air-
water system at 30 °C is known to be, Py = (36)(Cy;) and the value of the
corresponding Henry’s law coefficient, H, comes out to be 36 (m®)(atm)/kmol. Hence,
it is assumed that interfacial resistance in the gas phase in the well-stirred storage

section is negligible compared to that in the liquid phase.

The gaseous mixture used in the experiments being very lean, percentage reduction in
the concentration of solute gas at the exit of the reactor is likely to be substantial in
comparison to its concentration at the reactor inlet. Use of the average interfacial
pressure at the gas-liquid interface of those at the reactor inlet and that at the exit of
the reactor, is therefore considered to be more appropriate instead of interfacial partial

pressure at the inlet to the reactor alone. The average interfacial partial pressure of
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component 4 in the reactor for diverse operating conditions can therefore be obtained

as,

PAiZ(P

Aiinlet

+ Py i) 2 (3.17)

The bubble column or the storage section of the foam reactor is considered to be fully
stirred for which exit concentration of 4 in the gas is used for reactor performance
(Danckwerts, 1970). However, considering the above arguments, arithmetic mean
partial pressure was used for the reason that bubble column is very short,
approximately 3.0 x 107 m. Instead of arithmetic mean, log mean partial pressure
could also be used. For a typical experimental run, the partial pressures of CO, at the
inlet to- and exit from the bubble column reactor are 3.5885 x 10~ and 2.1195 x 10~
atm., respectively. The arithmetic mean and log mean partial pressures comes out to
be 2.854 x 10~ and 2.7898 x 10™ atm. The latter is found to be about 2 percent lower

than the former and the error is considered negligible.

Solubility of carbon-dioxide gas in NaOH solution, C:, has been calculated using

Henry’s law:
C, =Cy=HPy (3.18)

Where, H is the Henry’s law solubility coefficient for solution containing ions and P;

has been defined by equation (3.21) subject to assumptions mentioned above.

H is related to its value in water, H,y by the empirical equation (Danckwerts &

Sharma, 1966).

H
log——=—hl 3.19
g (3.19)

w0

Where, / is the ionic strength, calculated using the equation,
1 2
1= EZZI. C (3.20)

And 4 is a constant for ions calculated (Sherwood et al., 1975) as,

h=h_+h_+h; (3.21)
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H,, by the empirical equation (Haq,1982)

log H,g: 4.117-0.059 T + 7.885 x 10-5 T* (3.22)

(i) k, , &/, D,
Reaction rate constant &, for the reaction between carbon dioxide and hydroxyl ions

at infinite dilution is estimated following Astarita (1967):

log,, k, =13.635— 250

+0.131 (3.23)

At 30°C (303 K) and in a 0.5 molar solution of NaOH, values of k, comes out to be
1.398 x 10” (lit)/(g mole) (s).

For a bubble column reactor, the average value of the liquid-phase mass-transfer
coefficient for physical absorption is calculated using the expression given by Higbie

etal. (1935) as:

K0 =2.0x |Pa (3.24)
7215'

The diffusivity of carbon-dioxide in water, D, has been obtained using the correlation

reported by Haq (1982):

712.5 2.59x10°
-

log,,(D,) = —4.1764 + (3.25)

This data has been used for the present system consisting of an electrolyte solution, in
absence of more accurate correlation, and the error is expected to be ~1% (Stangle and

Mahalingam, 1990).

In the present studies, swarms of bubbles rise through the column. The free rise

velocity is therefore hindered and actual velocity of bubble rise is smaller. Therefore,
it does not appear justified to use free rise velocity for calculation of k,o. The contact

time of gas required for solution of eqn. (3.24) is calculated using the bubble swarm

velocity as given by equation (3.26) and the residence time of a bubble within the
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dispersion by eqn. (3.36). Value of 7, being increased, k,0 calculated with u is

swarm

proportionately higher than that calculated with u

single *

_d
tc B %warm (3 .26)

The bubbles rising through the liquid pool in the storage section are assumed to be
spherical and remain so during the entire rise period. The initial bubble diameter is
given by:

dyy =2(r,)= (2){%} | (3.27)

The initial bubble volume, V,, in turn is calculated using the correlation of Kumar

and Kuloor (1970)

V,, = (0.976).(18—Gj | A 06 (3.28)

Velocity of swarms of bubbles, u rising through a column of liquid has been

given by Marrucci (1965) as:
= 52
_, U-g) (3.29)

uswarm sin gle 1 — 5/3

The rise velocity of single bubble, in turn, is calculated following the correlation given

by Clift et al. (1978):

Uy o = \/(2-1401) d,.)* 05058, (3.30)

(iii) Specific interfacial area, a

The specific interfacial area, a,, available for mass transfer in the bubble column is

calculated using the equation:

a, = o (3.31)
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Where, a'y. is the total interfacial area in the bubble column and obtained as follows:

a'se = (number of bubbles in the dispersionat any timein bubble column{ ba’l;ebi j
ubble

or,  a'se=(n,\a,) (3.32)

The residence time that each bubble remains within the dispersion in the storage

section after its formation, i.e., the gas-liquid contact time, ., in the dispersion of

the bubble column is given by,

t, = . (3.33)

swarm

Va
where, A, is the height of dispersion and calculated as, ha = a_ (3.34)

V, is the total volume of dispersion in the bubble column and a,, the cross-sectional

area of the column.
Total volume of dispersion, Vi =V:+V; (3.35)

Total volume of gas in the dispersion can be obtained from the expression,

Ve = (vol of dispersion)(gas holdup) = (Q)(g) = V’_ (g) (3.36)
€ (1 —& G)

Gas holdup in bubble column required for solution of equation (3.36) is obtained

using the experimental data proposed by Shulman and Molstad (1950) and cited by

Kumar et al. (1976).

Total number of bubbles at any time in the dispersion in the bubble column available

for gas absorption is obtained as

_9¢ N
My —(V X ) (3.37)

b0 swarm

Interfacial area per unit volume of solvent is therefore obtained as,
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a, _ 9 hy 1 (3.38)
S Vu V,

swarm

Condition for pseudo-first order reaction

Conditions to be satisfied for pseudo-first order reaction for a gas-liquid system

(Kucka et al., 2002; Suresh, A. K., Lecture notes: NPTEL)

Ha>?2 (i)

EJHa> 5 (i)

And, —9 oo (iif)
ZCBO

Physico-chemical data

D,=22595x 10" cm?/s or2.2595 x 10° m*/s at 30°C
k,=1.3981x10" cm’/g mole. s

C,,=0.44136 x 10~ g moles/ cm’

D,=1.7979 x 10~ cm?/s

z=2.0

CA*Z 0.6914 x 107 g moles cm”

k,C D
(i) Ha=N2"or 1 (3.39)
kl

3 \/(1.398x107cm3 / gmol.s)(0.44136x10"° gmol / cm’)(2.2595x107° cm® / s)
B 0.0261(cm/ s)
=14.30

E

i )

(i) I
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(3.40)

L (17979 10°)(0.44136x107)

-l (2)(2.2595x10°)(0.6914 x 107)

1/14.30

= [1+(0.2539x10%)]/ 14.30
= 2540/ 14.30

=177.6
And, (iii)

ka

<<1 (3.41)

2~B0

Condition (ii1) may be obtained as follows. When the bulk liquid is in quasi-stationary

state,

Vlkla(CA* -C,.,)=V,(K,C ;Cyg)

Or, k,aCA* = CAb(akl +k2CBb)

C, _ ka _ 1 1
CA* kla+k2CBb 1+ kZCBb 1+ P
ka

For a fast gas-liquid reaction, the dissolved gas gets completely reacted within the film

and the bulk concentration C,;, —0.

Therefore, L —0
1+P

And hence, P>>1

.. . ) ka
Hence, a condition for pseudo-first order reaction is obtained as, ——— <<I.
2~'Bb

k,a
kZCBO
(0.0261)(0.9699)
B (1.398x107)(0.44136x107%)
=4.103x10°
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ka

Ha being much larger than 2, E,/ Ha much larger than 5 and <<1, the reaction

2~'Bb
is pseudo- first order.

The present experimental conditions therefore satisfy the requirement of pseudo-first

order reaction.
3.1.2 Mathematical model for a gas-liquid foam-bed reactor

A foam-bed reactor consists of a shallow pool of liquid well agitated with gas bubbles
and a column of rising foam above it. The mathematical model for the storage section
is developed considering gas absorption into agitated liquids as it was done for the
bubble column. In the foam section, on the other hand, the foam moves upward in a
plug flow manner and the absorption of gas from the gas pockets into the foam films
occur by molecular diffusion. Gas absorption phenomena in this section have been

treated as that into quiescent liquid.

The following simplifying assumptions have been made in the development of the

model:

1. The reaction system consists of two sections: storage and foam sections. The
contribution of both the sections towards gas absorption and chemical reaction are

considered to be important.

2. The superficial velocity of gas being substantially high, it is assumed that bubbles
in both the sections are spherical and not polyhedral in foam section as reported by

previous investigators observed specially at low gas velocities.
3. The storage section liquid is assumed to be well-stirred.

4. Change in bubble size with foam height is assumed to be negligible as the feed gas

mixture contains more than 99 percent inert.

5. The reaction conditions maintained for the gas-liquid system are such that the

reaction kinetics conforms to an irreversible fast pseudo-first order reaction kinetics.

6. Concentration of surfactant being very small, the resistance to mass transfer due to

the presence of surfactant is neglected. This simplifies the model greatly.
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Transient values of conversion in the reactor are calculated using the expression:

x(f)= S ((2 _(OC)B'” @ <100 (3.42)

ﬂn:,.f,qfﬂ,ﬂ_qd

Q,CaaCoo

Q4 Cas=0,C;

L

Storage section

Foam Section [ __
Q.’_‘, V;C_ﬂ_. I:,”:ﬂ,fﬁca;

r

!

Q,Cas, Cas

Figure 3.2 Single stage model of a foam bed reactor for gas-liquid system
Can(?) has been defined in equation (3.61)
(i) Gas absorption in the stor age section

Rate of consumption of sodium hydroxide in the storage section of the foam-bed
reactor can be calculated using the same equation as that used for the bubble column

described above.

However, as part of the reactant solution constitutes the foam section, for identical
operating conditions, volume of liquid phase reactant in the storage section is reduced
and the calculations for the rates of consumption of sodium hydroxide are performed
considering the appropriate values of the variables and parameters, viz., Vi, hq, etc in

the storage section.

Volume of liquid in the storage section, V; is obtained using the expression,

store >

Ve =V, = (H, Ya, /) (3.43)

Concentration of B in the storage section after time step Afis obtained using equation
(3.16) for this case also but conversion of B in the storage section alone after a given

time of reactor operation is expected to be less compared to the bubble column
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because of the reduced volume of liquid and thus lower volume of total gas-liquid

interfacial area in the dispersion.

i+l i * D, ’
Cy =Cy -[(Ry)k,C, |+ k—z)}(a storage J(AZ)] (3:44)

where, atstorage = (nstorage Xab) (3.45)

(i) Gas absor ption in the foam section

The rate of gas absorption in the foam section is entirely by molecular diffusion from
a very low concentration of CO; in air. The column of foam immediately above the
liquid surface of the storage section is pushed up by the new foam bubbles generated
subsequently. The column of foam moves upwards in a plug flow manner and gas
absorption occurs from the limited gas pockets into the adjacent foam films. Hence,
the mechanism of gas absorption from bubbles into foam films is approximated, for
development of models, as absorption into quiescent liquids. For a reasonably high
concentration of NaOH in solution, its reaction with CO, has been shown to be fast
pseudo-first order (Biswas and Kumar, 1981). For the experimental conditions used
in the present study this has been shown to be perfectly applicable as well (Appendix
3A). Concentration of CO; in the feed gas being less than 1% and the fast reaction
occurs in a zone close to the gas-liquid interface, it is assumed that all the absorbed
CO, reacts then and there with the NaOH in solution and its concentration in the

drainage stream, Cy, is zero.

Pseudo-steady state material balance over a small time interval A4¢ for component

B arround the foam section

0_{Rateof Bininbthe foan@ection} N {Rateof B generatedn foam}
section

fromstorage

Rateof B drainingoutof the foam
- ) / .gO. f - {Rateof Breactednthe foamsectior}
sectionandenteringinb thestorag

(3.46)

(1) Moles of B reacted in the foam section per unit time may be calculated as follows:
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A pseudo-steady state material balance for component 4 in the foam section over a

small time step At is written to obtain the rate of absorption of A in the foam section.

Moles A absorbed per unit time =

area moles A absorbed
bubbl 3.47
{bubble }{no of bubbles }{ (time Yarea ) } B.47)
— dC
Mitaps = {4Wb20 }{ac Hye6 1V, {_ D, a’xA j (3.48)
x=0

Moles of B reacted in the foam section per unit time is therefore obtained,
considering the assumption that all the CO, absorbed in the foam section reacts then

and there, as

- dC
8 s = (RBA){47ZTb20 }{ac Hye61Vy >[_ D, dxA ] (3.49)
x=0

There being no B generated in the foam section, equation (3.46) reduces to

dC —
0,Cp=0,.Cy —Ry, ‘|:Qd C,, +(4m 02 )(_DA dxA j (ac H r€c IV )} (3.50)
x=0

C,4 in eqn. (3.46) implies concentration of absorbed A4 in the liquid film close to the
gas-liquid interface while Cy, that in the bulk. The quantity O,Cy, in the second term
on the rhs of equation (3.50) represents moles of 4 entering into the foam section
from storage by flow in the form of dissolved CO, in the foam films and reacts with
B leading to its depletion. As already stated, the reaction of dissolved CO, with OH
ions, in the present work, follows fast pseudo-first order reaction kinetics. The
reaction occurs entirely in a zone close to the interface and, under this condition it
appears fairly accurate to assume that all the 4 absorbed in the storage section get
reacted and none of it goes to foam section, i.e., C4—=0. The other quantity in the
second term also indicates depletion of B by reaction with 4 absorbed in the foam

section as indicated by equation (3.49).

With this simplification, rearrangement of equation (3.50) yields
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dc —
AJ (a1, 2,17, (3.51)
X x=0

Cpy =Cy, _(RBA 10, )(4777" b02 )(_ D,

(i) An algebraic expression in place of (— D, da?A
X

j for substitution in equation
x=0

(3.51)

An working equation for estimation of diffusive flux of component 4 is obtained by

simultaneous solution of the diffusion reaction equations:

oC 0*C
—4=D,—-kC,C, (3.52)
oC 0°C
=Dy — Ry k,C.C (3.53)

C4 and Cp are concentrations of 4 and B, respectively, in the liquid film. For the
situation, when component B diffuses towards the surface fast enough to prevent its
depletion by reaction, the concentration of B every where remains the same at Cp

and the equations (3.52) and (3.53) reduce to

oC 0°C
azA =D, asz -AC, (3.54)
oC 0°C
atB =D, axZB ~-R,,AC, (3.55)

where, A 1is the pseudo-first order reaction rate constant. That the reaction occurs as

per pseudo-first order kinetics, has been stated in 83.1.1 through estimation of Ha,

Ea/Ha and k;,/\ .

The initial and boundary conditions for solution of equations (3.54) and (3.56) are

C,=C,, =0, C,=C,, x)0, =0

c,=cC,, oC, =0, x=0, )0 (3.56)
ox

C,=C,, =0, C,=C,, x=o, )0

Concentration Cg, shown in the B. C. (3.56) pertaining to that within the film and the

latter considered identical to that in the liquid bulk remains valid for a small time
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interval At and is used for solution of eqns. (3.54-3.55). After each time step, the new
value of Cp, is calculated using equation (3.60) which then becomes the new value for

Cps in the B. C. (3.56) for solution of eqns. (3.54-3.55) and so on.

The rate of absorption of component 4 accompanied by chemical reaction according
to pseudo-first order kinetics has been obtained by solution of equations (3.54) and

(3.55) subject to conditions (3.56) as,

dC *
-D, (d_XA)x:o =C, ('\/DAkZCBs ) (3.57)

Substituting this in equation (3.51), the concentration of B in the drainage stream is

obtained as,

C,, —(%)(%)c;(\/mkzcgo )(“C'ﬁ—f‘%) (3.58)

Concentration of B in the drainage stream after a small time step 4¢ can therefore be

obtained as,

sd - =Ch, —(ﬁ)(émrw)c "Dy Y %G il G)(At) (3.59)

where, Cp, is the concentration of B in the storage section at time ‘¢’ that enters the
foam section and Cz/ ' is the concentration of B draining from the foam section at the

end of a time step 4¢, i.e., at time ¢+ A¢t.

Concentration of B in the storage section at the end of a time step A4z is calculated

using the material balance equation:

i+1 I/l,storeCBsHl + [Qd (At)] CiBaliJrl
Cy, =

. (3.60)
I/l,store + Qd (At)

A volume of liquid in the storage, V. With concentration Cp'™! get mixed up with

4. At volume of draining liquid of concentration CBd”] to produce a total volume of
g liq p

(Vistore T Qa. Af) with the resultant concentration CBmHI. However, for estimation of

conversion, X, in the foam-bed reactor, entire volume of reaction mixture is required

to be included. Equation (3.56) should therefore be written as,
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) v C i+l T VfoamC i+l
CBml 1 _ 1,store ™~ Bs 1 — Bd (3 . 6 1)
Vi vore T Vi

1,store

The entire volume of reaction mixture comprising of Vjr and V, o being assumed

to mix after each time step, use of equation (3.60) leads to some error in the estimation
of Cg,,, actual volume of liquid draining to the storage section in the small time step A¢
being much less than the total volume of liquid contained in the foam section.
However, maximum volume of liquid in the foam section being only about 14% of the
total volume of liquid phase reactant and considering the difference of the total moles
of B reacted in the two sections of the reactor in the time step A¢, error is considered to

be negligible without significant loss in accuracy.

3.2 Mathematical model for gas-liquid-solid contactor- Absorption of CO; in
hydrated limedurry

3.2.1 Slurry Reactor: Ca(OH), durry-lean CO, system

Carbonation of hydrated lime for the manufacture of precipitated calcium carbonate is
an industrially important process, chosen for the present studies. Carbon dioxide gas,
when passed through calcium hydroxide slurry, precipitated calcium carbonate is
produced. The overall process of carbonation of lime and the detailed reaction
mechanism (Juvekar and Sharma, 1973) have been described in §2.1. Steps (iv) and
(v) of eqn. (2.1) are instantaneous, and the rate controlling step could be the
dissolution of solid, step (i) and / or simultaneous absorption and reaction of carbon

dioxide gas, steps (i1) and (iii).

The slurry reactor in the present work is operated in a semi-batch mode. A batch of
liquid is fed to the reactor and gas fed continuously. The feed slurry contains a
saturated solution of hydrated lime (component B) in water and its particles remaining
in suspension. Mixture of carbon-dioxide gas (component A) and air at different
compositions for different experimental runs is fed continuously from the bottom of
the reactor. A column of foam is generated and reaction occurs both in the pool of
liquid (storage section) and in the liquid films surrounding the foam bubbles. Reaction
between the lime present in solution and the dissolved gas is assumed to be of second

order (Sada et al., 1977).
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Figure 3.3 Concentration profiles of dissolved 4 & B in the bubble column-

[foam-bed durry reactors

Immediately after the reaction commences, the concentration of component B in the
solution i.e. in the bulk liquid starts to drop below the saturation concentration (Figure
3.3). But, its concentration in the liquid at the particle surface corresponds to its
solubility, Cs" or Cg. As the reaction proceeds, this driving force causes transport of
dissolved B from the solid-liquid interface to the bulk liquid. Consequently, with the
propagation of reaction, more and more solids dissolution occurs as long as the solid
particles are present in the liquid. Thus, a continuous supply of component B from
solid to the solution is established and the above reaction proceeds at a sufficiently

rapid rate. A detailed mathematical analysis is presented below.

The extent of time-dependent conversion of the reactants in a semi-batch reactor, for
different values of the operating variables, is a measure of the performance of the
reactor. For the case of carbonation of hydrated lime (B) slurry using carbon-dioxide
(4) gas, percentage conversion (X ) of the dissolved species B at any time ‘¢° may be

written as

_ mBT(O)_mB

X = = my (1) g (3.62)
my, (0)

C (O-Cy ()

0,
C," (0)
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in mass and molar concentration units, respectively. Total loading of B, C,(t), is

required for calculation of conversion as B remains both in liquid phase due to
dissolution as well as suspended solid particles and there exists a continuous transfer
of B from solid to liquid phase and depletion of B from solution by reaction. C BT(t) in
equation (3.62) is, therefore, calculated using an unsteady state material balance
equation for component B in the slurry. The pertinent equation for a slurry reactor
incorporating sparingly soluble fine reactive particles of component B has been
reported by Jana and Bhaskarwar (2010). Instantaneous value of its total molar

loading can be obtained as

7du ) Py Vo (3.63)

CT) =C (1)+S
5 (0 5 (1) kzz;(npk 6 M,V

Molar concentration of dissolved B at any time in the storage is assumed to be equal to
that in foam section (assumption 3, § 3.2.2), i.e., Cpy(t) = Cgf(t). Number of particles,

n ., 1s assumed to remain unchanged over the entire period of reactor operation.

The first term on the right hand side of Eqn. (3.63) indicates concentration of B
dissolved in the liquid at any time‘t” while the second one signifies the molar loadings

of suspended particles of B at the same instant in the slurry. Instantaneous values of

c, (), C 5 (), and d , (¢) can be calculated by solving the unsteady-state material-

balance equations for components 4 and B in solution, and the mass balance for the
suspended particles of component B, written for a semi-batch operation of the slurry

or slurry-foam reactor.
Bubble column durry reactor

For absorption of a lean gas in a liquid, the overall liquid-phase mass transfer

coefficient can be estimated using the expression,

L (3.64)

K, k H kg

In equation (3.64) the units of kg and H are kmol m? s (N/m?)" and (N/m?) (kmol/
m’)", respectively. When applied to the lean CO,-water system, solubility of CO, in

water being substantially low, liquid phase mass-transfer resistance is much larger
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: . 1
than that in the gas phase, i.e., (k— >> ). It follows that, K, ~k; (Ramachandran

4 G
and Sharma, 1969). For the gas-liquid-solid system, 10-50% CO; in air has been used
for experimental studies. A detailed justification of neglecting gas phase resistance has

been provided in 8 3.1.1. The value of £, has been calculated using the correlation

given by Sada et al. (1985). In the following treatment, however, concentration

difference on only one side of the interface along with the film coefficient, k,, has

been used for establishing the material balance equations.

The material-balance equation for the absorbed gas-phase component 4 (i.e. CO,) can

be written assuming the slurry in the reactor to be well mixed as:

dC—AS = kloab(CAi -C OV E, - kchsCOH—Vz (3.65)

V,
dt

The dissolution of one g mole of lime produces two g ions of hydroxide (OH") ions.

Equation (3.65) can therefore be rewritten as:

9C s k0, (Cy — C IWIE, — kyC o (2C, )V, (3.66)

v
Lodt

The first term of equation (3.66) on its right hand side represents the molar rate of
absorption of carbon-dioxide gas in the slurry, while the rate of loss of moles of
absorbed carbon-dioxide by reaction with the hydroxide ions is represented by the

second term. k, is the second-order reaction rate constant for the reaction between

OH’ ions and absorbed carbon-dioxide in the liquid.
Equation (3.66) simplifies to:

dC—AS = kloab(CAi -CL)E

dt a 2k2CASCBs (367)

Likewise, the material balance equation for component B dissolved in the liquid can

be written as:

dC
V] _dtBS = kslap (CBi - CBS )VSI - RBA kZCAS (2CBS )V] (3.68)

Equation (3.68) can be simplified as follows:
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dC
TBS = kslap(CBi —Cp )V 1 V) =2k,Ry, € Cy (3.69)

R, 1s the stoichiometric factor for the overall reaction between the absorbed carbon-

dioxide gas and dissolved hydrated lime (moles lime reacted/ mole of CO, gas).

Volume of particles is reduced due to its dissolution in slurry and the reduced solid-
liquid interfacial area cause a decrease in the rate of its dissolution and thereby the
rate of supply of component B to the solution. Rate of depletion in the concentration
of component B due to its consumption by reaction is thereby reduced/ nullified. Rate
of decrease in the volume of particles (presented here in terms of mass, density being

constant) can be written as,

d(zk:”pkvpk)PB . )
- _Z (npkﬂdpk )ksl (CBI o CBS )MB (370)
k=1

dt
The initial conditions for solution of equation (3.67), (3.69) and (3.70) are,
At =0, C, =0, Cp=Cy=Cp & v,=v, (3.71)

The ordinary differential equations (3.67), (3.69) & (3.70) are solved simultaneously
using fourth-order Runge-Kutta method subject to initial conditions (3.71) to obtain

Cls, Cps and vy as functions of time and conversion, X, is estimated using eqn. (3.62).
Estimation of parameter values

For a slurry reactor, the correlation for liquid-phase volumetric mass-transfer

coefficient has been given by Sada et al. (1985) as
k'a, =0.022(u,)"" (3.72)

Gas hold-up, &;, for absorption of carbon-dioxide gas in lime slurry is obtained using

the correlation given by Capuder and Koloini (1984)

3 2
6~ 0.083 (—2¢ Pi )02 (3.73)
1
RN lueff(pl_pG)g

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 81



THEORETICAL CONSIDERATION

The value of u,,, required for solution of equation (3.73) is estimated using the

following correlation:
fy = K40 ug)" ! (3.74)

The constants 7' and K are estimated by fitting the experimental data of Capuder and

Koloini (1984).

The instantaneous value of enhancement factor for the present system is written as:

klr DAﬂ' _
Tk \Dm, . 375
et [P (i) .

The average value of the enhancement factor, £, can therefore be obtained as

Ea - tl_.[ Eidt s i_('\/ﬂ% dbO /uswarm ) (376)
cs 0

The other parameter values, viz., dpy, Vi and ugw.m have been calculated using the

equations (3.30) to (3.32), respectively.
3.2.2 Slurry-foam reactor: Ca(OH), slurry-lean CO; system

Configuration of the Single stage model of a slurry-foam reactor has been shown in

Fig. 3.4. The assumptions made in the development of the model are as follows:

1. Volume fraction of solids in slurry in the storage and foam sections is assumed to
have the same value in both the sections.

2. Vaporization of liquid from the film surfaces is assumed to be negligible.

3. With the decrease in the concentration of OH  ions due its reaction with absorbed
CO; in solution, more of lime gets dissolved in the liquid and the concentration of
OH ions in the liquid phase remains reasonably constant (quasi-stationary state). The
reaction between OH™ and CO; being fast and the dissolution rate of lime being small
(stagnant foam films), it is assumed that all the lime dissolved in foam section gets
reacted in this section such that the concentration of dissolved calcium hydroxide in

the draining liquid from the foam section remains same as that entered into the foam
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section (pseudo-first order reaction in the foam section, and quasi-stationary state, i.e.

consequently, Cy= Cjy).

4. The superficial velocity of gas being substantially high, it is assumed that bubbles
in both the sections are nearly spherical and idealized as spherical bubbles. The
bubbles are not considered polyhedral in foam section as reported by previous
investigators at low gas velocities. This assumption simplifies the model without

significant loss in accuracy.

5. The concentration of CO, gas being substantially low, the change in bubble size as

it rises from bottom to top of the column is negligible.

6. Coalescence of bubbles both in the storage- and foam sections is assumed to be

negligible.

7. The reaction is assumed to be pseudo-first order in the foam section. The reaction
between 4 and B is treated as of second order in the storage section on account of the
much higher time scale of reactor operation (Sada et al., 1977). The concentration

profiles in the storage section are shown in Fig. 3.3.

As for the slurry reactor, the performance of the slurry-foam reactor can also be
evaluated by conversion defined in equations (3.62 - 3.63). However, in this case Cj
and d,; are to be estimated by considering the conversions in both the storage and

foam sections simultaneously.

Q4,Cas,Cas, Vi

Qr 1"'IIIF‘JHF'.I c-f-l.'-‘r EE.:J.-

h

Storage section

| Foam Section | - .
Q-:': lll"rpi, C&;,.Cg-s

L 4

v

'

'D.-CAL; CB:..VFJ:

Figure 3.4: Single stage model of a slurry foam-bed reactor
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Figure 3.5: A sketch of foam bed reactor

The material-balance equations for the two components, 4 (CO,) & B (hydrated lime),
and mass balance equation for the particles in slurry in both the storage and foam
sections are needed for the development of a slurry foam reactor model. The
instantaneous concentration of component 4 in the drainage stream from the foam to
the storage section is required for component 4 balance over the storage section as the
exit stream from the foam section enters the storage section. Rate of reaction between
Ca(OH), & CO, depends on the rate of dissolution of lime or that of absorption of
CO; and therefore a mass-transfer controlled process (Juvekar and Sharma, 1973).
Ca(OH), being sparingly soluble, concentration of OH" in solution remains at low
level and concentration of absorbed carbon-dioxide is therefore no longer considered
negligible/ zero in the bulk of the liquid. The expression for instantaneous
concentration of component A4 is obtained by writing a pseudo-steady state material

balance equation for component 4 over the foam section (Fig. 3.4) as:
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moles of dissolved A

0 =1in from storage into foam ;+

{moles of A absorbed in }

. . foam per unit time
section per unit time (3.77)

moles of dissolved A out

—< from foam to storage

moles of A reacted in
foam per unit time

section per unit time

Eqn. (3.77) can be rearranged to the following:

moles of dissolved A out moles of dissolved A _
) ) moles of A absorbed in
from foam to storage =4in from storage into foam ;+ o
] o ) o foam per unit time
section per unit time section per unit time

moles of A reacted in
foam per unit time

(3.78)

k=1

k _ |:an1€ (Vpk _vpkd )j|Vj‘uame B
C,y=0,C, +(=Mp\dmp \m?H &, 1V,
Qd Ad Qd As (RTAD)( box c T feG bO) MB[:RBA
(3.79)

2

where the quantities, (R;" Ap)(47zrb2()) and —— " in the second term on the right-
b0

hand side of the above equation accounts for the moles of A4 absorbed per bubble per
unit time and number of bubbles in the foam column respectively. Average bubble
volume in the foam column has been assumed to be V3 considering that the decrease
in bubble volume due to absorption of component 4 from the lean gaseous mixture
and its increase due to the reduction in the hydrostatic head as the bubbles rise through

the storage and foam sections are both substantially small and effect of one nullify that

(Z n Vpk - Vpkd ) V/foam -Psr
of the other. In the third term, the quantity k I indicates

B

the moles of B reacted during the contact time tc* in foam section.

Rearranging equation (3.79), we obtain
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o H g (ank(vpk _Vpkd))-V/foam-PB
C., CA‘+k( )(4 i A = . (3.80)
QdVbO Qd 'MB 'tc RBA
3.29D,

Substituting the value of &, = (Bhaskarwar and Kumar, 1995) in equation

Tyo

(3.80), one obtains an expression for Cy, as:

N N _ ] Vfoam.
C -C 3.29D (Ap) 7U”C2Hf Z (kzl:npk(vpk Vo)V P 181
aa =Gt ( bO) - ( X )
Tho RT Vo O, Myt. Ry,

(1) Component 4 balance over the storage section (Figure 3.4):

d,Cy)

dt = Q'CAO + V; (kloab )(CAi - CAs )Ea + Qd CAd - Qd CAs - Q-CAs - kz CAS (2C3s )V;

(3.82)

For a semi-batch foam bed reactor, there being no inlet and exit streams, Q =0and

equation (3.82) simplifies to:

d(C,)
TtA = (kloab)(CA[ - CAS )Ea + (Qd /Vl)(CAd - CAS) - 2k2CAsCBs (3.83)
(i) Component B balance over the storage section:

A material balance equation for component B can be written similar to that of

component 4:

dv,C
( clitBs)_QCBO+Qd Bd QCBS QdCBs+I/lenpk(7wl k)(ksl)(CBl CBS)
k=1
-2R BA k2 CAS CBS I/l
(3.84)

From assumption 5 above the conditions, Cg; = Cp, (quasi-stationary state) and Q = 0

(semi-batch reactor) are substituted in equation (3.84) to obtain:

d(CBA)

—Z 11,2l )k )C, — Co)y, s = 2R,k C 1 G (3.85)
l
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(iii) Massbalance of particlesin dlurry:

There being a continuous phase transfer of component B from solid to solution, mass
balance for Ca(OH), particles in the slurry is required to be written and included in
simultaneous estimation of transient concentrations of components 4 and B followed
by conversion of B. The desired mass balance equation for Ca(OH), particles in the

slurry can be written as:

4 4

di(Vslnkapk)pB QZ( pk0)+QdZ( V pka )_

k=1 k=1 k=1
z

dt

P
O3 (n, V) - QdZ( W) (3.86)

|

=V (n 70 )‘751 (CB: — Lo

For a semi-batch foam reactor, O= 0. Substituting this in equation (3.86) and

simplifying one gets:

M

o) -
( (Q )(ank ZnPkVpkd)_Z(npkﬂdz Xk CB; CB;

B

(3.87)

iv) Estimation of V/,, intermsof V

As per the assumption at Sr No. 3 that all the lime dissolved in foam section gets
reacted in this section such that the concentration of dissolved calcium hydroxide in
the draining liquid from the foam section remains same as that entered into the foam
section (pseudo-first order reaction, and quasi-stationary state, i.e. consequently, Cp/=
Cp). Equating the mass of lime dissolved in the foam section to that reacted in this

section, one gets,
DV Ve =V )Py = (2, C, Co )Ry My, V" (3.88)
=1

The values of C’, & ¢, have been calculated using the following expressions

c {CAS ;Cﬂ_ (3.89)
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The value of ¢, has been given by Biswas and Kumar (1981).

. H,ozrl(l-g)
‘ O

t (3.90)
A second equation, that obviates the need of a value of v, for estimation of Cyq 18
written below for obtaining the value of C,. With his objective, a pseudo-steady state

material balance for component 4 over the foam section may be written as,
0,C,0=0,C  + (Hfm’czg_G )(4727b02 Nk (P, — P,)]1—(2k,C ,,Cy, )szoam (3.91)

The working equation for C, can be obtained using eqns. (3.89) and (3.91) along with

3.29D,
RT

the relation for k, =

’

_ 3.29D
c, =C, +|:(Hf7"’0256 /Vbo)(47ﬂ”b02)[ =

RT

(PAb—PA,-)]—(2kchsch>V,f”"'"}/2@) (3.92)

Rearrangement of equation (3.88) yields

z z z ; M . V/bam
DV s = 2V = D 2k,C [ Cp Ry =217~ (3.93)
k=1 k=1 k=1 Ps vV,

Substituting for Zn oV e from equation (3.93) into equation (3.87), we obtain
k=1

d(inkapk] £
- z M . V‘oum 2 M
% = _(Q%, )Z 2k,C [/ Cp Ry —21 | - |- (”pk”d;k stl XC, - C, )2t
t st/ k=1 Ps v k=1 P
(3.94)

C/ in equation (3.94) is to be evaluated using equation (3.92). For the special case of
no foam in the column, 7" equals zero and equation (3.94) reduces to equation (3.70),

i.e. to the mass balance for particles in a bubble column slurry reactor.

In a similar manner, substituting the expressions for C4s from equation (3.81) into

equation (3.83) and simplifying one gets,
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The product, (477, W———L"%) indicates total interfacial area available for
b0

absorption of carbon dioxide gas in the foam section. Entering gas bulk partial

pressure, p4, being known, solubility of gas at the given temperature, C,, can be

obtained from the literature. p,. therefore, can be obtained as C% . The quantity Ap

in eqn. (3.95) may then be obtained as, Ap = p,, — p,;. Only a small percentage of

CO; of the total gas fed to the reactor being consumed in this slurry reactor, inlet
concentration of gas is used for calculation of conversion which involves only a small
error. Initial estimate of Cy,, concentration of 4 within the gas bubbles, leaving the
storage and entering the foam section is obtained from the conversion of Ca(OH); in a
bubble column slurry reactor under otherwise identical operating conditions and the

volume of liquid in the storage section of the foam reactor.

Equations (3.85), (3.94), and (3.95) are solved simultaneously using fourth order
Runge-Kutta algorithm for Cy,, Cs, and v,i(?), and, conversion of lime is calculated

using equations (3.62) and (3.63).

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 89



Chapter 4

EXPERIMENTAL.:

Materials and Methods




EXPERIMENTAL: MATERIALSAND METHODS

The present investigation is a combination of both theoretical and experimental
studies. Theoretical developments for carbonation of NaOH solution using lean
carbon-dioxide gas and that of hydrated lime slurry have been presented in Chapter 3.
In this chapter, experimental studies of the performance of gas-liquid and gas-liquid-
solid bubble column and foam-bed reactors in relation to different
variables/parameters have been described to support the detailed theoretical analysis
presented in Chapter 3.

In the following sections, the details of the experimental set-ups, materials used,
experimental procedure for carbonation reactions for the two different systems used in
the present studies, liquid hold-up in the foam reactor, surface-transfer coefficient
measurement, methods of chemical analysis, mass balance verification for hydrated
lime and sample calculations using the experimental data have been presented. The

gas-liquid system is described first followed by the gas-liquid-solid system.

4.1 Gasliquid system

4.1.1 Experiments Performed: The following experiments were performed to
analyze the performance of the foam-bed reactor for absorption with reaction of CO,
gasin NaOH solution, a gas-liquid reaction system and its comparison with that of the

bubble column reactor.

A. Bubble column reactor: Effects of the following variables were studied for a
comparison of the performance of this reactor with that of afoam-bed reactor.
(i) Gasflow rate
(i) Concentration of sodium hydroxide in solution
B. Foam-bed reactor: Effects of the following variables on conversion of NaOH
were studied.
(i) Gasflow rate
(i)  Concentration of sodium hydroxide in solution
(iii)  Volume of sodium hydroxide solution charged into the reactor

(iv)  Concentration of CO, gasin the feed gas mixture
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4.1.2 Experimental set-up: The experimental set-up used in the present studies is
shown schematically in Figure 4.1. It comprises of a glass column, a bubble flow
meter, CO, cylinder, air compressor, rotameter for air, a mixer for CO, and air, and,
an infrared (1.R.) lamp. The glass column, 0.74 m long and 10.5 x 102 m internal
diameter is connected at the bottom to a glass cone with the help of flanges. A gas
distributer plate, 2.0 x10° m thick and made up of perspex is placed between the
flanges. There are 31 holes of 1.0 x 10 m diameter and arranged in triangular pitch.
The infrared lamp is used to heat the rear part of carbon-dioxide regulator to prevent
the formation of dry ice and choking of the tube carrying gas to the rotameter. A
rotameter is used for metering the air flow rate. A sieve plate made up of perspex and
having 57 holes of 3.0 x 10 m diameter is connected to a thin copper rod. The plate
is used for foam breaking to maintain the desired foam height.

Flow rates of carbon-dioxide used in the present experiments being substantially low,
1.6 x 10° to 3.2 x 10° m® s?, and cannot be measured using a rotameter, a bubble

flow meter was used to measure the CO, flow rate It comprises of the following:

(i) A rubber ball having a volume of about 50 cc containing a soap solution is
attached to the bottom of a calibrated glass tube

(i) The gasinlet to this glass tube is located above the rubber ball and connected to
the CO, cylinder through arotameter, primarily to reduce the flow rate of CO,to a
low value before it enters the bubble flow meter. A three-way valve is placed
between the rotameter and the rubber ball in order to use its one port to vent the
excess CO, and thereby adjust the flow rate to the bubble flow meter. The exit gas
from the top of the bubble flow meter enters the gas mixer.

(iif) CO; flow rate from the high pressure cylinder is pre-controlled using a rotameter
to lessthan 0.5 Ipm before it enters the soap-bubble flow meter.

Compressed air metered through a calibrated rotameter, enters the gas mixer and the

CO.-air mixture then flows to the bubble column/ foam-bed reactor.

As the CO, gas from the cylinder passes through the graduated tube, the rubber ball is

pressed to generate foam bubbles and the rise velocity with which they travel up the

graduated glass tube, measured using a stop watch, gives a measure of the flow rate of

CO.,
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4.1.3 Materials used: Various chemicals used as reactants, foaming agents and for
the analysis of reactants and products are as follows. Sodium hydroxide (GR, MERCK
Ltd. Mumbai) and Carbon-dioxide gas (Instrument Grade, Dinesh Gases Pvt. Ltd.,
Jaipur) were used as reactants. CTAB (GR, MERCK Ltd. Mumbai) was used as the
foaming agent. Iso-amyl alcohol (GR, MERCK Ltd. Mumbai), an anti foaming agent,
was used to maintain the desired foam height. Hydrochloric acid (GR, MERCK Ltd.
Mumbai), oxalic acid (AR, Qualigens Pvt. Ltd., Mumbai), barium chloride (GR,
MERCK Ltd. Mumbai), and phenolphthalein (AR, Loba Chemie Pvt. Ltd., Mumbai)

were used for the analysis of reactants and products.

4.1.4 Experimental

(i) Analysis of feed solution: Na;COs present as impurity in the NaOH solution was
removed by precipitating it as BaCOs; through drop-wise addition of about 10 percent
BaCl, solution till white precipitate continued to form and got precipitated. An aliquot
of filtered NaOH solution of approximately 0.5 (N) is standardized against oxalic acid
solution of known strength to get the exact normality of NaOH feed stock. An aliquot
of a stock solution of HCI of approximately the same strength as that of NaOH, to be
used to determine the amount of NaOH remaining unreacted in the product solution, is
titrated against standard NaOH solution to find out its exact strength.

(it) Procedure: NaOH solution made free from carbonate as described above was
used for the preparation of feed solution. A solution of a cationic surfactant, CTAB,
containing a known amount of it, was added to NaOH solution to impart foamability,
mixed thoroughly and volume made up to 2.50 x 10* m® using distilled water to
obtain feed solution of known strength. Exact strength of NaOH solution was
calculated. An infrared (I.R.) lamp was switched on few minutes before the start of
each experiment. Desired flow rate of CO, gas was maintained by bubble flow meter
as described above. Flow rate of compressed air is adjusted using a rotameter for air.
When the flow rates of CO, and air become steady, NaOH feed solution was poured
into the reactor. A stop watch was started immediately to measure the run time. A
foam-breaker sieve plate with iso-amyl alcohol applied onto it was held at the

predetermined level to maintain the foam height in the column. After the experimental
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run for a specified period, the flow of carbon-dioxide and air was stopped. The sieve
plate was lowered down to the liquid surface of the storage section to break the foam
and release the entrapped CO, from the foam bubbles. The column wall and the foam
breaking plate was washed with distilled water. The product solution along with the
wash water was collected in a stoppered volumetric flask. BaCl, solution was added
drop wise to the reaction product till appearance of precipitate formation. The solution
was separated from precipitate using Whatman filter paper No. 42. The resulting
solution was then titrated against standard HCI solution to get the amount of unreacted
NaOH. The experiment was repeated for different variables studied in this work.
Experiments in the bubble column were performed following the same procedure
except that surfactant was not added to the feed solution. However, in this case
maintaining a definite foam height was not required.

Details of experimental data collected, results and its discussion have been presented

in chapter 5.
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Fig 4.1: Line diagram of experimental set-up used for gas-liquid system
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Fig 4.2 Photogr aph of experimental set-up used for gas-liquid system
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4.2 Gas-Liquid-Solid system
4.2.1 Experiments Performed: The following experiments were performed to
analyze the performance of the foam-bed reactor for carbonation of hydrated lime
slurry and its comparison with that of a bubble column slurry reactor.
A. Bubble column reactor: The variables studied in this type of reactor configuration
are:
(i) Initial solids loading
(if) Volume of dlurry charged to the reactor
(iii) Superficial velocity of gas
B. Foam bed reactor: The following variables were studied for the performance
analysis of a slurry-foam reactor.
(i) Initial solidsloading
(if) Volume of dlurry charged to the reactor
(ii1) Superficial velocity of gas
(iv) Height of foam-bed
(v) Nature of surfactant
(a8 Anionic: Sodium Dodecyl Sulfate (SDS)
(b) Cationic: Cetyl Trimethyl Ammonium Bromide (CTAB)
(¢) Non-ionic: Octyl Phenoxy Polyethoxyethanol (Triton X-100)
(vi) Concentration of surfactant (SDS, CTAB and Triton X-100)
(vii) Concentration of CO; in the feed gas (10%, 25% and 50% CO, gas)

Other experiments performed:

(i) Liquid hold-up measurement for each set of experiments performed

(if) Mass balance verification for hydrated lime

(iii)Particle size analysis of calcium hydroxide samples and calcium carbonate
products

(iv)Effect of addition of ethylene glycol to the reaction mixture on the particle
size of calcium carbonate product

(v) Calibration of rotameters

(vi) Surface coefficient measurement
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4.2.2 Dimensions and materials of construction of foam column

Glass column
Material of construction: glass
Diameter of the column (i.d.): 10.5x 102 m
Height of column: 0.74 m

Gasdistributor plate
Material of construction: perspex
Thickness of plate: 2.0 x 10° m
Diameter of each hole: 1.0 x 10° m
Number of holes: 31

Orifice plate for foam breaking
Material of construction: perspex
Thickness of plate: 2.0 x 10° m
Diameter of each hole: 3.0 x 10? m

Number of holes: 57

4.2.3 Experimental set-up: The experimental set-up used for carbonation of hydrated
lime slurry is shown in Figure 4.3. It is analogous to that used for the absorption of
carbon-dioxide in NaOH solution described in the previous section. However, for the
metering of CO, gas as the flow rate of gas was 10 Ipm and higher pre-calibrated
rotameter was used instead of bubble flow meter.

4.2.4 Materialsused:

Calcium hydroxide (GR, MERCK Ltd. Mumbai) and carbon-dioxide gas (Instrument
Grade, Dinesh Gases Pvt. Ltd., Jaipur) diluted with air were used as the reactants.
Sodium dodecy! sulphate (AR, Qualigens Pvt. Ltd., Mumbai), CTAB (GR, MERCK
Ltd. Mumbai) and Triton X-100 (SRL Chemicals Pvt. Ltd., Mumbai) were used as the
foaming agents. 1so-amyl alcohol (GR, MERCK Ltd. Mumbai), an anti foaming agent
was used to maintain the desired foam height. lodine (GR, MERCK Ltd. Mumbai),
potassium iodide (GR, MERCK Ltd. Mumbai), sodium thiosulphate pentahydrate
(GR, MERCK Ltd. Mumbai), soluble starch (GR, MERCK Ltd. Mumbai) and
potassum dichromate (GR, MERCK Ltd. Mumbai), were used in the chemica
analysis of the reactants and products.
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4.2.5 Experimental

(i) Slurry preparation: Cacium hydroxide being sparingly soluble in water and
forms lumps when mixed with cold water, boiled distilled water was used for the
preparation of slurry. A known amount of calcium hydroxide powder, 5.0 x10° kg, is
added to about 1.0 x10™* m* boiled distilled water taken in a 2.5 x10* m® volumetric
flask and mixed thoroughly. The durry is shaken occasionally for about half an hour
and allowed to cool. For experiments in the bubble column, volume is made up with
gradual addition of distilled water and the flask was shaken simultaneously for
thorough mixing.

For experiments in the foam-bed reactor, a solution of definite amount of surfactant
was prepared in distilled water in a 1.0 x10* m® beaker and added to the slurry in the
volumetric flask with constant shaking before making up the volume. The durry
volume was then made up to 2.5 x 10* m> with gradual addition of distilled water and
mixing the contents thoroughly.

(ii) Procedure: For experiments on carbonation of hydrated lime dlurry, flow rate of
carbon-dioxide being substantially high, a pre-calibrated rotameter was used for the
metering of this gas. As with the gasliquid system, before the start of each
experiment, an |.R. lamp was switched on and carbon dioxide gas at the desired flow
rate was allowed to pass through the glass column. When the flow rate became steady,
2.5 x 10" m® of hydrated lime slurry of known composition and containing a known
amount of a specific surfactant was poured into the column and the reaction allowed
to proceed for a pre-determined time. While for the experiments in the foam-bed
reactor, the foam height was maintained using a hanging multi-orifice plate with iso-
amyl alcohol applied on to its surface, for the experiments in the slurry bubble
column, this was not necessary. The reaction product being slurry and results of
analysis of severa aliquots drawn from a product sample produced widely different
results, the whole mass was analyzed iodiometrically for estimation of unreacted lime.
The experiment was repeated for different times of reaction and other variables
studied in this work.
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Figure 4.4 Experimental set-up used for gas-liquid-solid system
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4.3 Measurement of parameter values
4.3.1 Liquid hold-up in foam column

Volume fraction of liquid in the gas-liquid dispersion is an important parameter
governing the performance of a gas absorber or that of a gas-liquid reactor. Various
methods are employed for the measurement of liquid holdup in a foam column

absorber as described in chapter 2.

Measurement of liquid hold-up has been performed in the foam column using an
apparatus similar to that used by Jana (2007). The apparatus used in the present work
has been shown in Figure 4.5. A very similar apparatus was used earlier by
Calderbank (1958) and Biswas & Kumar (1981) as well. A water-ring type vacuum
pump is used for generating vacuum in a 5.0 x 10* m® capacity glass bulb. Foam is
sucked into this bulb from various heights of the foam reactor and allowed to
condense. Volume of condensate is measured and liquid hold-up is calculated from
the knowledge of the extent of vacuum in the bulb and the volume of liquid
condensed. Experiment is repeated to collect data for all the operating conditions

actually used for evaluating the reactor performance.
4.3.1.1 Experimental set-up for measurement of liquid hold-up

The set-up: A schematic representation of the experimental set-up is shown in Figure
4.5. It consists of awater tank, a water pump, a rotameter for water of capacity 0to 5
Ipm, a water-ring type vacuum pump with a vacuum gauge fitted to it, a catch pot and

aglass bulb connected to aliquid hold-up sampler.
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0.85m

13

@ (b)

Figure 4.5: Set-up for measur ement of liquid hold-up in a foam column
Legend
(a) Vaccum assembly fitted with glass bulb.

1-3. Vacuum stop cock 2. Glass bulb 4. Catch Pot 5. Water ring type vacuum pump
6. Vacuum gauge 7. Water tank 8. Tap 9. Water Pump  10. Rotameter for water
11-12. Taps

(b) Liquid hold-up sampler with bulb

2. Glass bulb 1-3. Vacuum stop cocks  13. Graduated tube 14. Suction
tube 15.Cup
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«== \\ater tank

Water pump

Figure 4.6 Photograph of experimental set-up for measurement of liquid hold-up in

foam column
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Experimental procedure:

(i) Hydrated lime slurry containing same solids loading as those used in the
experiments for performance studies of afoam bed reactor were prepared.

(i)  Grease was applied to vacuum stop cocks (1) and (3) of the foam suction
assembly. Glass bulb was then connected to the catch pot. Stop cock (1) was
kept shut and stop cock (3) was opened.

(i)  Water was filled in the water tank (7) and water pump (9) was switched on.
Water-inlet valve (12) to the vacuum pump was opened. Water-flow rate was
adjusted to 8.5 x 10° m* s* with the help of rotameter (10) and the bypass valve
(11) fully open.

(iv)  When the maximum attainable steady vacuum was attained (about 695 mm
Hg), the stop cock (3) was shut. The water-inlet valve to the vacuum pump was
closed. Vacuum pump and water pump were switched off.

(v) Glass bulb (2) was then disconnected from catch pot and connected to the
suction tube with the help of ground glassjoint.

(vi) Carbon dioxide-air mixture at definite flow rate (same as those used in
experiments to study the performance of foam bed reactor mentioned earlier)
were allowed to flow through the empty column.

(vii)  Carbonation reaction was performed in the foam reactor as described in section
4.2.5. The suction tube connected to the glass bulb is inserted into the column.

(viii)  The stop cock (1) was opened sowly to suck the foam into the glass bulb
which is already under vacuum.

(ix)  Stop clock (1) was shut when the foam stopped flowing into the bulb.

(x)  Volume of condensate is measured using the tube connected to the sampler. A
2.5 x10°® m® graduated cylinder is used for this purpose when the volume of
condensate is more.

(xi)  The experiments are repeated with the other sets of experimental conditions
used for collection of experimental data for carbonation of hydrated lime slurry.

(xii)  Details of liquid holdup calculations have been shown in appendix 4B.1 and
experimental datain chapter 5 part 1.
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4.3.2 Hydrated lime content of the test sample, particle size distribution and

average particlesize

Percentage of hydrated lime content of the test samples have been determined using
iodiometric method. These are found to be 94.76 and 95.27 percent in samples
supplied by CDH and MERCK Ltd., respectively. Detailed procedure for estimation
of hydrated lime content has been presented in Appendix 4A.5.

The PSDs play a significant role in governing the reactor performance and used in
present work for reactor simulation. Particle-size distribution (PSDs) of reactant
Ca(OH), and product CaCOs; have been measured using CILAS- 940 particle-size
analyzer and Mastersizer 2000 E. The Ca(OH), sample from two suppliers, CDH and
MERCK Ltd. were used in performing the present experimental work and the particle
sizes of both the samples were measured using the above particle-size analyzers. Ethyl
alcohol was used as the dispersant. The particle size distribution was used for reactor
simulation. The entire particle size distribution of each sample was divided in 12
volume fractions for reactor simulation. The fractions are chosen to maintain the
particle size in each fraction at low value for a purpose of reactor simulation. The
average particle-diameter in a given fraction is taken as the arithmetic mean of the
smallest and largest diameters comprising fraction (Jana and Bhaskarwar, 2010).
Details of particle size distributions of lime and percentages of hydrated lime in

various test samples are reported in Chapter 5 part I1.

4.3.3 Mass balance verification for hydrated lime in bubble- and foam-column

reactors

Bubble column

Percentage of calcium hydroxide and that of impurity, primarily CaCOs, in the test
sample were estimated by chemical analysis followed by use of equation (4A.5). A
batch of slurry of known solids loading, prepared using approximately 5.0 x 10 kg
hydrated lime in 2.5 x 10 m® of distilled water, was made to react completely by
performing experiments in a bubble column. The minimum time required for complete
reaction was determined by trial experiments in priori. The slurry along with the

liquid used for column washing was collected in a glass beaker (B;) of known weight.
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The top of the beaker was covered and the slurry was allowed to settle overnight. The
supernatant liquid was carefully transferred by decantation to within about 1 cm from
the surface of the precipitate into another beaker (B,) of known weight. The solution
kept in beaker B, was evaporated to dryness and the weight, negligibly small, of solid

was determined.

The residual water left out in beaker B; was evaporated first with mild heating and
constant gentle shaking, to avoid splashing of the slurry by letting off the vapor
formed at the inner part of the bottom surface of the beaker, till the slurry ceased to
flow. The heating was then continued by holding the beaker a few inches above the
heater and with a slow rotation of it. On continued heating, cracks were found to
develop at different locations of the drying solid. The rate of heating was then
increased and the dried solid disintegrated into small thin platel ets.

Heating, cooling and weighing of the dried solid along with the beaker were continued

till constant weight was obtained.

The total mass of product CaCOj3; obtained from B; and B, was found to be equal to
the sum of the estimated mass of CaCO3; from the stoichiometry, taking into account
the percentage of hydrated lime and the various impurities present in the sample as
determined by its chemical analysis.

Foam column

CTAB was used as the surfactant for carrying out the carbonation reaction in a foam-
bed reactor. The procedure adopted for bubble column for verification of mass
balance was adopted for this case also. Contrary to our expectations, the product
slurry could be easily evaporated to dryness and there was no difficulty in doing so,
although a surfactant was present. At the temperature of experiment only about 4 x
10° kg of CaCOs dissolves in 2.50 x 10 m® of water. The mass of solid obtained by
evaporation of solution in beaker B, was found to be approximately equal to the mass,
0.1358 x 10 kg, of CTAB used for the preparation of slurry. The mass balance was
then verified as for the bubble column described above.
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4.4, Effect of addition of ethylene glycol to the reaction mixture on the particle

size of product CaCOg

To estimate the change in the particle size of precipitated calcium carbonate, 2-5 ml of
ethylene glycol was added to the slurry and SDS was used as the foaming agent.
Particle size was found to reduce with high concentration of mono ethylene glycol
(Flaten et.al. 2009). Ethylene glycol is highly viscous in nature; it increases the
viscosity of media that helps in the reduction of particle size. Addition of ethylene
glycol to the slurry increased the viscosity of slurry reduces the agglomeration of

particles.
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PART |: GAS-LIQUID SYSTEM- Absorption of CO,in NaOH solution

New Models have been developed and presented in Chapter 3 for absorption of CO, in
sodium hydroxide solution in bubble column and foam-bed reactors using lean
carbon-dioxide gas. In order to validate these models, a series of experiments have
been performed in semi-batch mode in these reactors. For validation of the proposed
model of the bubble column reactor, the reaction was carried out without any addition
of surfactant to the reactant solution, while for that of the foam-bed reactor model, a
known amount of the surfactant CTAB was added to the solution prior to feeding to

the foam-bed reactor for generation of experimental datain the foam-bed reactor.

The reaction between dissolved CO, and NaOH occurs in a zone close to the interface.
Dissolved CO, diffusing into this reaction zone gets fully consumed by reaction with
NaOH. Subsequently, more NaOH diffuse into the reaction zone from the bulk liquid
and also dissolved CO, from the gas-liquid interface and the reaction continues to
occur in this zone. Concentration of dissolved CO, in the bulk liquid, therefore,
during the entire reaction period remains at zero level, i.e., Cap,=0. Mass transfer with
chemical reaction is thus modelled according to the theory of gas absorption in
agitated liquid. However, in a foam-bed reactor while the mechanism of mass transfer
with chemical reaction in the storage section is identical with that in the bubble
column, in the foam section it closely resembles to absorption into quiescent liquid as
the column of foam moves upwards like a rod and there being no relative movement
between the gas pocket and the surrounding films into which absorption occurs.

For reactor simulation, as evident from the models, values of the various parameters,
Viz.,, &g, k°,C, (=C.), Da,K,,a'sare needed for simulation of reactors. &; has
been obtained using the correlation developed by Shulman and Molstad (1950), k°
has been estimated using Higbi’s (1935) penetration theory of mass transfer. Liquid-
phase diffusion coefficient D, has been obtained using the correlation proposed by

Haq (1982) and the reaction rate constant K, estimated following Astarita (1967). C,;

is obtained using Henry’s law. In the estimation of K,and Henry’s law coefficient,

effect of ionic strength has been taken into account. All the experiments have been
conducted at 30£1°C.
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Partial pressure required for estimation of interfacial concentration in the liquid phase
was taken as the average of those at the inlet and exit of the bubble column reactor.
Further, interfacial resistance in the gas phase in the well stirred storage section is
assumed negligibly small for the reason that solubility of carbon-dioxide gas in water
is substantially low and liquid phase resistance is much higher compared to that in the
gas phase. At the relatively high superficial velocity of gas used in the present
experiments, bubbles are idealized as spherical and bubble swarm velocity is used for
the estimation of gas-liquid contact time in the storage section. Mechanism of mass
transfer in the storage section of the foam bed reactor is treated similar to that in the
bubble column. For calculation of reaction rate in the foam section, the average partial
of those at the foam section inlet, same as that at the exit from the storage, and of that

at the exit of this section is used.

It was decided to study the above reaction under the conditions of pseudo-first order
reaction kinetics and therefore to operate the reactor in a semi-batch mode. For
maintaining the requirements of pseudo-first order reaction, the concentration of
sodium hydroxide in the feed solution was kept high, 0.23 to 0.87 (N) and that of
carbon-dioxide gas low, 0.22 to 0.49% by volume. In order to find out the suitable
range of gas velocities to be used in the experimental studies, trial run was made with
different combinations of gas velocities and concentration of CO; gas. In the lower
range of gas velocities, foam was found to be more stable with a higher concentration
of CO; gas. While weeping occurred when superficial gas velocity was below 2.7 x
10 m/s, recirculation of foam was observed above 10 x 10 m/s. The calculated values
of the rise-velocities of gas bubbles in the storage section were, however, substantially
higher depending on the liquid hold-up. At the low concentration of CO, gas used in
the present experiments, foam was found to be more unstable as the gas rate was
reduced at a fixed concentration of CO, gas. At about 0.49% CO, gas used in the
present experiments, foam was found to be stable at and above superficial velocity of
4.4x 10 m/s. At lower concentrations, higher gas rate was required for generation of
stable foam.

Because of substantialy higher gas-liquid interfacial area in a foam reactor, it was
expected that conversion would be much higher than that in a bubble column reactor
under otherwise identical operating conditions. For a comparison of the relative

performance of the two reactors, experiments in the bubble column were performed
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without any surfactant added to the reaction mixture. Similar experiments were
conducted with addition of a cationic surfactant, CTAB (0.054% w/w) for the reason
that substantially lower amount compared to the other type of surfactant generated
stable foam under otherwise identical operating conditions. For generation of
experimental reactor-performance data and validation of the bubble column and foam-
bed reactor models with respect to the pertinent parameters additional series of
experiments were performed, viz. effects of initial concentration of sodium hydroxide
in solution and that of CO, in the feed gas, volume of solution charged to the reactor
and the superficia velocity of gas on conversion of NaOH. Height of foam-bed was
maintained at 20 cm throughout as at higher heights conversion of NaOH was found
not to vary with height any more. Details of experimental data have been shown in
tabular form in Appendix 5B. The figures depicting the variation of conversion of
NaOH with time for different values of the variables have been shown in Figures 5.1.1
to 5.1.4. Three sets of experiments for each of the variables mentioned above have
been carried out for evaluation of the performance of the two reactors.

For simulation of bubble column reactor, average of the inlet and exit partial pressures
were used for estimation of the interfacial concentration of carbon-dioxide in the
liquid phase. Conversion vs time data is found to be linear. From the experimental
data of conversion of NaOH, moles of NaOH and that of CO,, using the reaction
stoichiometry, reacted per second was calculated. From the knowledge of volume of
CO; entering and reacted per second and the flow rates of diluents gas, partia
pressure of CO, in the exit gas is calculated. Average partial pressure was used for

simulation of bubble column reactor as mentioned above.

For the ssimulation of foam-bed reactor, conversions are calculated over a small time
interval separately for both the sections of the reactor. This required partial pressure of
CO; at the exit of the storage section which is same as the inlet to the foam section for
estimation of its average partial pressures in the two sections of the reactor. From the
knowledge of liquid holdup in the foam sections and those of column diameter and
foam height, volume of liquid in storage section is estimated. Trial value of
conversion in the storage section was estimated from the conversion data obtained in a
bubble column, operated under otherwise similar experimental conditions, using a
linear interpolation between conversion and volume of liquid. Minor adjustment in

the conversions were made by trial to fit the total conversion and thus to obtain the
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final partial pressures. The average partial pressures thus obtained were used for the
simulation. Concentrations of reactants in the storage section at the end of the time
interval were estimated using the material balance equations and the procedure is
repeated over the entire period of interest. The exit partial pressure of CO, was
calculated using the experimental conversion data, inlet flow rates of CO, and air, and
the reaction stoichiometry.

5.1 Effects of different variables on conversion of sodium hydroxide

5.1.1 Effect of concentration of sodium hydroxide in bubble-column and foam-

bed reactors

The effect of concentration of sodium hydroxide on its conversion has been shown in
Fig. 5.1.1a. Concentration of sodium hydroxide in the feed solution was varied from
9.08 (0.227 N) to 34.64 kg m™ (0.866 N). CO, concentration at the reactor inlet and
superficial velocity of gas were maintained at 3.59 x 10 mole fraction and 9.66 x 107
m/s respectively for all the experiments performed for the studies of this variable.
Volume of solution charged to the reactor was 2.5 x 10* m®. As the experiments were
conducted in the bubble column, no surfactant was added to the reactant solution and
there was no foam, whatsoever in the column. It is observed that after a given time of
reactor operation, conversion of sodium hydroxide reduces with an increase in its
concentration in the feed solution when other variables are kept unchanged. One
obvious reason for this reduction is that solubility of CO, reduces with an increase in
the concentration of NaOH in the solution. For the present case, this varies from 0.227
kg moles /m* to 0.866 kg moles /m* (0.227 x 10° g moles /cm® to 0.866 x 10° g
moles /cm? corresponding to a bulk partial pressure of CO, equal to 0.0036 atm) as the
concentration of NaOH varies from 0.22 (N) to 0.87 (N). On the contrary, the total
mass of NaOH reacted in a given time of reactor operation is found to be higher for a
higher initial concentration of it in the solution. For example, after 30 sec of reactor
operation mass of NaOH reacted = 0.2070 x 10 kg for 0.87 (N) NaOH solution;
0.1485 x 10 kg for 0.43 (N) and 0.1089 x 10° kg for 0.23(N) of NaOH solution
respectively. However, the fraction of the total initial mass of NaOH reacted during
the same time interval reduced with each successive increment in concentration and

caused areduction in conversion.
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Figureb.1.1a Effect of concentration of sodium hydroxide on conversion
in bubble-column contactor

Parameters | o A
Surfactant none none none
H; (M) 0.0 0.0 0.0
V, (m*)x10* 25 25 25
Ve(m/s)x10? 966 966  9.66

Qcoe (M%) x10° 3.0 30 30
Qar(m¥s) x10° 8330 8330 8330

Experimental data and parameter values have been shown in Tables 5B.1.1 to
5B.1.3

It may be observed that percent conversion of sodium hydroxide varies linearly with
time. This is attributed to the fact that CO, is the limiting component which is
continuously supplied at a definite rate while high concentration of NaOH is
maintained in the reaction zone by diffusion from the liquid bulk. Gas-liquid
interfacial areafor absorption of CO, in the liquid remain unchanged during the entire

course of reaction. As the reaction does not occur in the bulk of the liquid, bulk
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concentration of NaOH is unimportant so long as it remains high to maintain the
required rate of diffusion to the reaction zone.

These experiments were also performed in afoam-bed reactor with the same values of
the variables and parameters. CTAB was used as the surface active agent and a foam
height of 20 x 102 m was maintained for all the three sets of experiments performed.
Experimental results have been shown in Figure 5.1.1b. Conversions of sodium
hydroxide after a definite time of reactor operation and under otherwise similar
experimental conditions are found to be substantially higher in afoam-bed reactor than
that in the bubble column reactor. Although total amount of liquid in the foam section
is only about 14% of that charged to the reactor, average increment in conversion in
the foam-bed reactor after 90 sec of reactor operation are found to be higher by about
40 percent over that in the bubble column reactor. Several fold increase in the
interfacial areais considered to be the primary reason for thisincrease in conversion of

NaOH. The model predictions are found to agree well with the experimental data.
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Figure5.1.1b Effect of NaOH concentration on conversion in a foam-bed

reactor
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Parameters
o A . Variables [ | A ()

Surfactant CTAB CTAB CTAB

Hs (M) 0.2 0.2 0.2 g_ 0.38 0.38 0.38
Gs

Vs (m/s)x10° 9.66 9.66 9.66 ; 0.013 0.036 0.039
|

Qco (M) x10° 3.0 3.0 3.0

Q. (M¥/s) x10° 8330 8330 8330
v, (m®)x10* 25 25 25

Experimental data and parameter values have been shown in Tables 5B.2.1 to 5B.2.3

5.1.2 Effect of superficial velocity of gas on conversion of sodium hydroxide in

bubble-column and foam-bed reactors

Superficial velocity of gas was varied from 4.35 x 102 to 9.67 x 102 m s* to study its
effect on conversion of NaOH at constant values of the other variables. Results of
experiments performed in bubble column reactor have been shown in Figure 5.1.2a.
Conversion of sodium hydroxide is found to increase with an increase in the
superficial velocity of gas. Bubble size becomes larger with an increase in the
superficial velocity of gas. This tends to reduce the specific gas-liquid interfacial area.
Higher gas velocity also reduces the gas liquid contact time in the column which is
partially nullified by the higher gas holdup in the bubble column and thus higher
volume of gas-liquid dispersion. These effects tend to lower the rate of gas absorption.
On the other hand, turbulence in the bubble column increases with an increase in the
superficial velocity of gas and leads to higher values of gas-liquid mass transfer
coefficient in the column. Gas holdup in the bubble column increases from 0.27 to
0.39 as the superficial velocity of gas varies from 4.35 x 10? to 9.67 x 107 m/s
(Shulman and Molstad, 1950). These manifest in higher rates of gas absorption,
reaction and consequently higher conversion after a given time of reactor operation.

Effect of superficial velocity of gas on conversion of NaOH in a foam-bed reactor has
been shown in Figure 5.1.2b. 540 ppm CTAB in NaOH solution was used for the
generation of a stable foam column. A comparison of the experimental data of the two
figures shows that conversions obtained experimentally are substantially higher in the
foam-bed reactor over that in the bubble column reactor at a given value of superficial
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velocity. Thisis again due to the much higher rate of gas absorption resulting from the
very large gas-liquid interfacial area created in the foam section. The conversions are
aso found to increase with an increase in the superficial velocity of gas.
Concentration of surfactant being substantially small, its effect on gas absorption has
been considered negligible in the development of the model. The model predictions
are found to agree well with the experimental data generated in this study.

30
A V,=4.35x10" m/s (Expt)
— — —  V =4.35x107 m/s (Theory) e
259 n V=7.75x10” m/s (Expt) R?=98.60"
V,=7.75x10 m/s (Theory) P A7
20 J ° V=9.67x10° m/s (Expt) /.//
————— V;=9.67x10 m/s (Theory) B e 99,79

[
o
|

Per cent conversion of sodium hydroxide
|_\
(6} (&)

0 20 40 60 80 100 120 140

. _Time(s) o
Figure5.1.2a Effect of superficial gasvelocity on conversion in a bubble-
column reactor

Parameters A | [ )
Cro (kg/m®) 9.047 9.047 9.047
Surfactant none none none
H; (m) 0.0 0.0 0.0
Qco: (M¥s) x10° 1.8 3.33 4.1
Qair (M?/s) x10° 375.0 667.0 833.0
v, (m¥)x10* 2.5 25 25

Experimental data and parameter values have been shown in Tables 5B.3.1 to
5B.3.3
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Figure 5.1.2b Effect of superficial gas velocity on conversion in a foam-bed

reactor
Parameters | ) A Variebles -
Cao (kg/m°) 17.65 1765 17.65 o
Surfactant CTAB CTAB CTAB €as 029
Hs (m) 0.2 0.2 0.2 & 001
Qco (M) x10° 1.8 333 41
Q.ir (M*/s) x10° 3750 667.0 833.0
V, (m*)x10* 25 25 25

|
0.34

0.034

A
0.39

0.038

Experimental data and parameter values have been shown in Tables 5B.4.1 to 5B.4.3

5.1.3 Effect of volume of solution charged into the reactor on conversion of

sodium hydroxidein a foam-bed reactor

Volume of sodium hydroxide solution charged into the reactor was varied from 2.5

x10* to 5.0 x10* m®. Effect of volume of solution charged into the reactor on

conversion of NaOH in a foam-bed reactor has been shown in Fig. 5.1.3. It is

observed that percent conversion of sodium hydroxide reduces as volume of solution

fed to the reactor is increased with al other parameters and variables kept constant.

Analyses of gas-liqui

d and gas-liquid-solid foam-bed reactors

116



RESULTSAND DISCUSSON

The total amount of sodium hydroxide is larger in the larger volume of solution fed to

the reactor, concentration being same in all the solutions. Initial mass of sodium

hydroxide taken for reactions in the three different volumes of feed solution are
therefore, 4.41 x 10°, 6.22 x 10° and 8.82 x 10 kg. Higher gas-liquid contact time,

because of the higher liquid height in the storage section for a larger volume of the

liquid feed, lead to higher amount of NaOH to react over a given time of reactor

operation. Besides the above factors favouring larger mass of NaOH reacted in a given

time higher rate of reaction, conversion is found to reduce because of the higher total

initial mass in the denominator in the definition used for conversion calculation.
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Figureb5.1. 3 Effect of solution volume charged into the reactor on conversion in

a foam-bed reactor

Parameters H A [ )
Cao (kg/m°) 17.65 17.65 17.65
Surfactant CTAB  CTAB  CTAB
Hs (m) 0.2 0.2 0.2
Vg (m/s)x10* 9.66 9.66 9.66
Qcox (M¥/9) x10° 3.0 3.0 3.0

Q.r (M¥s) x10°  833.0 833.0 833.0

Variables

| A O
- 0.38 029 027
SGS
; 0.036 0.057 0.063
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Experimental data and parameter values have been shown in Tables 5B.5.1 to 5B.5.3

5.1.4 Effect of concentration of carbon dioxide gas on conversion of sodium

hydroxide in a foam-bed reactor

Figure 5.1.4 shows the effect of concentration of CO, in the feed gas on conversion of
NaOH. Concentration of carbon-dioxide gas was varied from 0.22 to 0.49 percent by
volume by diluting with air to study its effect on conversion of sodium hydroxidein a
foam-bed reactor. 540 ppm CTAB was used as the foaming agent. It is observed from
the figure that percent conversion increases with an increase in the concentration of
carbon dioxide gas.

Simultaneous absorption and reaction of carbon dioxide with NaOH has been reported
to be a liquid phase controlled process. Interfacial concentration of CO, in the liquid
phase increases with an increase in its concentration in the gas phase. The increased
driving force for mass transfer causes an increase in the rates of gas absorption,

reaction and therefore the conversion.
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Fig 5.1.4. Effect of concentration of carbon dioxide gas on conversion of NaOH
in a foam-bed reactor
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Parameters [ [ |
Cao (kg/m°) 1765  17.65
Surfactant CTAB CTAB
Hs (m) 0.2 0.2
Vs (m/s)x10®>  59.66  9.66
Q.r (Mm¥s) x10° 8330  833.0
vV, (m¥)x10* 25 25

A

Variables () | A
17.65
cTAB g_Gq 0.37 0.38 0.39
- 0033 0036 0.038
0.2
9.66
833.0
25

Experimental data and parameter values have been shown in Tables 5B.6.1 to 5B.6.3
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PART II: GAS-LIQUID-SOLID SYSTEM-Absorption of CO; in lime slurry

Models developed for slurry and slurry-foam reactors for carbonation of hydrated lime
using lean carbon di-oxide gas were presented in Chapter 3. To verify the proposed
models, a series of experiments were carried out in a semi batch mode of operation in
both the reactors. For a comparison of the performance of the slurry foam reactor with
that of the bubble-column slurry reactor, first few experiments were carried out
without addition of surfactant to the slurry. It may be observed from the models that

for simulation of these reactors, values of the various parameters viz. liquid hold up in

the foam column (6‘_1), particle size distribution (d pk's ), solid-liquid mass-transfer
coefficient (k) and gas-liquid mass transfer coefficient (kloab) were needed. Values

of d, andS_, were measured experimentally. Solid—liquid mass transfer coefficient, &,

, was obtained by fitting models to the experimental data. Trial experiments were
carried out to find out the minimum superficial gas velocity required to generate stable

foam column with the minimum concentration of CO; used in the present studies.
k,oab was estimated using correlation reported in the literature for carbonation of

hydrated lime slurry using lean CO, gas.

The subsequent series of experiments were performed with the objective of
generating experimental data for comapring the performance of slurry-foam reactor
with the bubble-column slurry reactor with respect to the important parameters, viz,
initial loading of lime, slurry volume charged into the reactor, superficial gas velocity,
foam height, nature of surfactant, concentration of surfactant, concentration of CO,

gas and effect of addition of ethylene glycol.

For verifying the validity of the models developed, the values of &, required for
fitting the model to the experimental data are compared with those reported in the
literature. These values are observed to vary from 0.45 x 10° m/s to 2.0 x10® m/s for
slurry reactor and from 0.65 x 10° to 0.25 x 10 m/s for the slurry foam reactor.
However, Stangle and Mahalingam (1990) reported k_, values to vary in the range 2 x
10® - 3 x 107 m/s and these low values were attributed to the surface coverage of lime
particles by surfactant molecules as the authors used very high concentration of

surfactant for generating foam. Secondly, the authors obtained £k values semi-
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theoretically by fitting their model to the experimental data. They developed their
model considering foam section only whereas the gas concentration and average
particle size were measured upstream of the foam generation section described in this
work as storage section. Neglecting the contribution of storage section towards gas
absorption, solid dissolution and reaction is also considered to be an important reason
for the low values of k; observed by the authors. In the present investigation,
however, storage section has been observed to contribute significantly towards gas
absorption and conversion and due consideration has been given for generation of
foam-bed reactor model. Various investigators used different concentration of CO;

gas for carbonation reaction and k£ values are observed to increase significantly with

an increase in its concentration. Superficial velocity of gas in slurry reactor and
concentration of CO, gas in slurry-foam reactor are observed to have the most

significant effect on the values of k. A dimensionless correlation has been developed

for k,in terms of different variables studied in this work.

5.2 Results of parameter estimation

5.2.1 Estimation of liquid holdup in the foam column

Liquid hold up for such reactions in which bulk concentration of reactant enhances the
rate of reaction, in the foam column is an important parameter for evaluation of
performance of such reactors. Liquid holdup values for carbonation of lime slurry in
foam-bed reactor have been measured for all the variables studied in the present work,
viz., different solid loadings, volume of slurry charged into the reactor, superficial
velocity of gas, foam height, concentration of surfactants, etc. In the calculation of
liquid hold-up, the volume fraction of solids in the slurry, being very small 0.9 to 1.8
percent by volume has been assumed negligible. The height-average liquid hold-up
values are determined from measured liquid hold up profile. The details of
experimental setup and procedure for measurement of liquid hold-up in foam column

and sample calculations have been reported in chapter 4.

Experimental data and the calculated values of average liquid hold-up are shown

in the following tables:

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 121



RESULTS AND DISCUSSION

Table 5.2.1.1 Liquid hold-up in slurry-foam reactor (For the experiments-Effect of

solids loading on conversion of lime)

Sample batch No. of Ca(OH), : 03097 (CDH)

CO, gas flow rate = 0.333 x 10 m’/s

Air flow rate = 3.0 x 10 m®/s

Slurry volume = 2.5 x 10 m’

Foam height=0.4 m

Surfactant = SDS (4000ppm)

Distance from Slurry
foam interface at
which suction was

applied (m) x 10?

Solids loading, kg/m’

20

40

60

Volume of liquid sucked into the sampling bulb (m’) x 10°

0 55 60 45.5
3 11 11.5 10.5
5 8 8.4 7.2
10 3.1 3 2.7
20 1.8 1.7 1.4
39 1.2 1.0 0.9
Average liquid holdup 0.0106 0.0104 0.00849

Table 5.2.1.2 Liquid hold-up in slurry foam reactor (For the experiments-Effect of

foam height on conversion)

Sample batch No. of Ca(OH), : 03097 (CDH)

CO, gas flow rate = 0.333 x 10*m’/s

Air flow rate = 3.0 x 10 m’/s

Solid loading= 40 kg/m’

Slurry volume = 2.5 x 10 m’
Surfactant = SDS (4000 ppm)

Distance from Slurry
foam interface at which
suction was applied (m)

x 107

Foam height, m

0.2

0.4

0.6

Volume of liquid sucked into the sampling bulb (m’) x 10°
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0 52 60 60.6
3 10 11.5 11.7
5 6.5 8.4 9.0
10 2.0 3.0 4.2
19 1.1 1.7 2.1
39 | - 1.0 1.4
59 ] e e 0.4
Average liquid holdup 0.0147 0.0104 0.0084

Table 5.2.1.3 Liquid hold-up in slurry foam reactor (For the experiments-Effect of

slurry volume on conversion of lime)

Sample batch No. of Ca(OH), : 03097 (CDH)

CO, gas flow rate = 0.333 x 10 m>/s

Air flow rate = 3.0 x 10 m’/s

Solid loading= 40 kg/m’

Foam height = 0.4 m

Surfactant = SDS (4000ppm)

Distance from Slurry
foam interface at
which suction was

applied (m) x 10°

Slurry volume, m’

25x 10"

3.5x 10"

50x10™

Volume of liquid sucked into the sampling bulb (m”) x 10°

0 60 65 50

3 11.5 11.0 10.0

5 8.4 8.2 6.5

10 3.0 4.2 2.0

20 1.7 3.0 1.0

39 1.0 2.8 0.6
Average liquid holdup 0.0104 0.0129 0.0080

Table 5.2.1.4 Liquid hold-up in slurry-foam reactor (For the experiments-Effect of

superficial velocity of gas on conversion of lime)
Sample batch No. of Ca(OH), : 03097 (CDH)
Solid loading = 40 kg/m’
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Slurry volume = 2.5 x 10 m’

Foam height = 0.4 m

Surfactant = SDS (4000ppm)

RESULTS AND DISCUSSION

Distance from Slurry

foam interface at which

suction was applied (m)

Superficial velocity of gas, (m/s) x 10

3.85

5.77

7.70

Volume of liquid sucked into the sampling bulb (m’) x 10°

x 107

0 60 65.5 72

3 11.5 14.3 17.0

5 8.4 10.5 12.3

10 3.0 4.0 6.5

20 1.7 2.5 4.0

39 1.0 1.6 2.0
Average liquid holdup 0.0104 0.0128 0.0162

Table 5.2.1.5 Liquid hold-up in slurry-foam reactor (For the experiments-Effect of

nature of surfactant on conversion)

Sample batch No. of Ca(OH), : MHOM601992 (MERCK)

CO; gas flow rate = 0.333 x 10*m’/s
Air flow rate = 3.0 x 10*m’/s

Solid loading = 40 kg/m’

Slurry volume = 2.5 x 10 m’

Foam Height = 0.4m

Distance from Slurry Surfactant (Concentration)
foam interface at SDS (4000 ppm) | CTAB (540 ppm) | Triton-X-100 (960
which suction was ppm)
applied (m) x 10 Volume of liquid sucked into the sampling bulb (m”) x 10°
0 48 73 51
3 13.0 28.0 10.5
5 8.0 8.0 8.4
10 6.2 5.8 3.1
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20 4.2 3.8 1.8
39 2.0 3.0 1.0
Average liquid holdup 0.0134 0.0331 0.0099

Table 5.2.1.6 Liquid hold-up in slurry-foam reactor (For the experiments-Effect of
concentration of surfactant on conversion)
Sample batch No. of Ca(OH), : MHOM601992 (MERCK)
CO, gas flow rate = 0.333 x 10* m’/s
Air flow rate = 3.0 x 10 m%/s
Solid loading = 20 kg/m’
Slurry volume = 2.5 x 10 m’
Surfactant = SDS

Distance from Slurry Surfactant Concentration (ppm)

foam interface at 2000 4000 8000 16000
which suction was

lied (m) x 10° Volume of liquid sucked into the sampling bulb (m”) x 10°
applied (m) x

0 47 48 35 16

3 13 14 19 4.6

5 8 13 12 8.7

10 6.2 6.9 5.4 5.2

20 4.2 6.0 5.8 3.6

39 2.0 22 2.6 0.8
Average liquid holdup | 0.0134 0.0162 0.0151 0.0085

Table 5.2.1.7 Liquid hold-up in slurry-foam reactor (For the experiments-Effect of
concentration of surfactant on conversion)

Sample batch No. of Ca(OH), : MHOM601992 (MERCK)

CO, gas flow rate = 0.333 x 10*m’/s

Air flow rate = 3.0 x 10* m’/s

Solid loading = 20 kg/m’

Slurry volume = 2.5 x 10 m’

Surfactant: CTAB

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 125




RESULTS AND DISCUSSION

Distance from Slurry
foam interface at
which suction was

applied (m) x 10

Surfactant Concentration (ppm)

200

540

1000

1620

Volume of liquid sucked into the sampling bulb (m”) x 10°

0 73 52 80 75

3 28 25 19 15

5 8.0 13.0 5.6 5.2

10 5.8 5.8 2.8 3.2

20 3.8 4.0 3.4 3.5

39 3.0 2.8 1.4 1.8
Average liquid holdup | 0.0276 0.0331 0.0140 0.0098

Table 5.2.1.8 Liquid hold-up in slurry-foam reactor (For the experiments-Effect of

concentration of surfactant on conversion)

Sample batch No. of Ca(OH), : MHOM601992 (MERCK)

CO; gas flow rate = 3.33 x 10° m’/s

Air flow rate = 3.0 x 10*m’/s

Solid loading = 20 kg/m’

Slurry volume = 2.5 x 10 m’

Surfactant: Triton-X-100

Distance from Slurry
foam interface at
which suction was

applied (m) x 10

Surfactant Concentration (ppm)

320

960

2400

4800

Volume of liquid sucked into the sampling bulb (m”) x 10°

0 45 51 68 61

3 10 10.5 12 11

5 8.3 8.5 8.5 7.8

10 4.8 3.2 3.2 34

20 2.0 1.8 2.6 1.7

39 1.0 1.0 2.0 0.9
Average liquid holdup | 0.0102 0.0109 0.0126 0.0106
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It is observed from Table 5.2.1.8 that on increasing surfactant concentration, the value
of liquid hold-up shows an increasing trend possibly due to the increase in foam
stability owing to a reduction in the film drainage rate. Liquid hold-up for ionic
surfactant is found to be higher than for non-ionic surfactant under identical

experimental conditions.

5.2.2 Particle size distribution and average particle size

Particle size distributions (PSDs) of reactant Ca(OH), and product CaCO; were
measured using CILAS 940 particle size analyser and MALVERN MASTERSIZER
2000E. Particle-size distributions obtained from CILAS 940 particle size analyzer for
both the reactant samples have been shown in figures 5.2.2.1 and 5.2.2.2. Particle size
distribution is indicative of the measure of solid-liquid interficial area in a slurry
reactor and essentially need to be incorportated in the models. Two hydrated lime
samples supplied by CDH Pvt. Ltd., batch No: 03097 and the other by MERCK Pvt.
Ltd., batch No. MHOM601992, were used in present studies. The respective volume-
average particle diameters, 8.67 um and 6.04 um, were measured using a CILAS 940
particle size analyzer. The entire particle size distribution was divided into 12 volume

fractions and used for reactor simulation. Details of the reduced fractions are shown in

tables 5.2.2.1 and 5.2.2.2.
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Figure 5.2.2.1 Particle size distribution (CILAS 940 particle size analyzer)
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Table 5.2.2.1 Particle size distribution of hydrated lime sample (batch no. 03097)

Average particle size= 8.67 um

Sr. No. Volume Average Sr. No. of | Volume | Average particle

of fraction of particle fraction fraction | diameter (um)
fraction particles diamter of

(um) particles

1 0.1185 0.9 7 0.0996 16.5

2 0.0876 1.55 8 0.0363 20.5

3 0.0988 2.2 9 0.0398 25.0

4 0.1890 4.05 10 00113 30.0

5 0.2195 8.15 11 0.0046 34.0

6 0.0932 12.5 12 0.0018 40.0
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Figure 5.2.2.2 Particle size distribution (CILAS 940 particle size analyzer)
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Table 5.2.2.2 Particle size distribution of hydrated lime sample (batch no.
MHOM601992)

Average particle size= 6.04 um

Sr. No. Volume Average Sr. No. of Volume Average
of fraction of particle fraction fraction of particle
fraction particles diamter particles diameter
(um) (um)
1 0.092 0.75 7 0.0531 6.0
2 0.1662 1.25 8 0.063 8.5
3 0.1221 1.75 9 0.1022 12.5
4 0.1488 2.5 10 0.0767 17.5
5 0.0777 3.5 11 0.0536 26.25
6 0.0446 4.5 12 0.0160 33.0

The particle size distribution of reactant Ca(OH), from B. No. MHOM601992 and
obtained using MALVERN MASTERSIZER 2000E, has been shown in figure
5.2.2.3,

Partidle Size Diskil~(0H)2 - Average, 03 May 2012 15:00:41—
a 8.285% between 15.32%um - 20.822um
B
] ?
g 6
Q
g 3
3 4
2 3
2
1
a
0.1 1 10 100 1000
Particle Size (pm)
—Ca(0H)2 - Average, 03 May 2012 15:00:41

Batch no. MHOM601992
Figure 5.2.2.3 Particle size distribution (MALVERN MASTERSIZER 2000E)

While that of CaCOs obtained by complete carbonation of hydrated lime, batch no.
MHOM601992, with SDS as the foaming agent in a foam-bed reactor has been shown
in figure 5.2.2.4.
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Figure 5.2.2.4 Particle size distribution of product CaCO; with SDS as a foaming
agent (MALVERN MASTERSIZER 2000E)

It 1s observed that particle size of product calcium carbonate present with maximum
volume percent, 11.15%, varies from 5.88 um to 7.98 um. The particle size
distribution of product CaCOs, obtained from carbonation of Ca(OH), sample of
batch no. MHOM601992, in a foam-bed reactor with CTAB as the foaming agent has
been shown in figure 5.2.2.5. It is observed that particle size of product calcium
carbonate present with maximum volume percent, 8.65%, varies from from 3.9 um to

5.3 um.

Table 5.2.2.3 Particle size distribution of CaCO; using SDS and CTAB as the

foaming agents

S.No. Surfactant used % volume | Particle size | Specific | Surface weighted
of (um) surface mean diameter of
particles area, m’/g particles
(um)
1. SDS 11.15 5.8-7.9 0.424 5.777
2. CTAB 8.65 3.9-53 0.413 5.928
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Figure 5.2.2.5 Particle size distribution of product CaCQO; with CTAB as a
foaming agent (MALVERN MASTERSIZER 2000E)

5.3 Effects of different variables on conversion of hydrated lime in bubble column

and foam-bed slurry reactors

5.3.1 Effect of initial solids loading on conversion of lime

The effect of initial loading of calcium hydroxide on its conversion in the short bubble
column reactor has been shown in Figure 5.3.1a and, that in the foam-bed reactor in
Figure 5.3.1b. Initial loading was varied from 20 to 60 kg/m’ with all the other
variables kept unchanged for the different sets of experiments. It is observed that the
conversion of lime reduces with an increase in its initial loading although the total
mass of lime reacted after a given time of reactor operation increases marginally with
an increase in the solids loading. Volume of solvent in the feed slurry being the same
in each case, surface area of suspended particles per unit volume of slurry increases
with an increase in the initial solids loading. This leads to an increase in the rate of
solids dissolution and hence the rate of reaction. The observed values of the reduced
conversion with increased solids loading, is therefore due to the definition used for its
calculation, initial solids loading appearing in the denominator. Flow rates of CO, and

air were maintained at 3.33 x 10 m*/s and 30 x 10™ m’/s, respectively.
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Figure 5.3.1a Effect of initial loading of lime on conversion in a bubble-column
reactor (sample make &batch no.: CDH, 03097)

Experimental data and parameter values have been shown in Tables SE.1.1 to 5E.1.3

Parameters [ ] A ()
Surfactant none None none
H, (m) 0.0 0.0 0.0
Ve (m/s)x10? 3.85 3.85 3.85
V, (m*)x10* 2.5 2.5 2.5
Qco,(m*/s)x10* 0.33 0.33 0.33
Quir (m*/s)x10* 3.0 3.0 3.0

Increased solids loading increases the viscosity of the slurry and is one of the possible
reasons for the reduced value of solid-liquid mass-transfer coefficient.

Conversion of lime in the foam-bed reactor, shown in Fig. 5.3.1b, is however
substantially higher than that in the bubble column reactor. This is attributed to the
substantially high surface area created in the foam section with the consequent

increase in the rate of absorption of carbon-dioxide gas. Presence of particles in the
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region of large gas-liquid interfacial area supplying a reactant to the liquid phase is
another reason for higher conversion. In the present investigation, k,is found to

decrease from 0.99 x10° to 0.69 x10° m s for bubble column- and from 0.63 x107 to

0.35 x10”° m s for foam-bed reactors as the solids loading is increased in the above

range.
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Figure 5.3.1b Effect of initial loading of lime on conversion in a foam-bed reactor
(sample make &batch no. : CDH, 03097)

Experimental data and parameter values have been shown in Tables SE.2.1 to 5SE.2.3

Parameters/variables ] [ A
Surfactant SDS SDS SDS
C, (ppm) 4000 4000 4000
H, (m) 0.4 0.4 0.4
Ve (m/s)x10? 3.85 3.85 3.85
V; (m’)x10* 2.5 2.5 2.5
£ 10° 1.01 1.04 0.8495
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Oco,(m*/s)x10* 0.33 0.33 0.33

Quir (m*/5)x10* 3.0 3.0 3.0

5.3.2 Effect of superficial velocity of gas on conversion

Superficial velocity of gas was varied from 3.85 to 7.70 x10% m s to study its effect
on conversion of lime in the bubble column and foam-bed reactors. In the latter, stable

foam column was generated using SDS as the foaming agent.
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Figure 5.3.2a Effect of superficial velocity of gas on conversion of lime in a
bubble-column reactor (sample batch no.: CDH, 03097)

Experimental data and parameter values have been shown in Tables 5E.3.1 to 5E.3.3

Parameters [ | A (]
Surfactant none none none
H, (m) 0.0 0.0 0.0
Cio(kg/m?) 40 40 40
v, (m*)x10* 2.5 2.5 2.5
Oco,(m*/s)x10* 0.33 0.5 0.67
Quir (m*/s)x10" 3.0 4.5 6.0

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 134



RESULTS AND DISCUSSION

Graphical representations of the experimental data for the two cases have been shown
in Figures 5.3.2a and 5.3.2b respectively. Conversion of lime increases as the
superficial gas velocity is increased at constant values of the other variables including

molar concentration of CO; in the feed gas mixture in both the reactors.

100 — —4
80 -
-5}
£ =
e /
5 60 - /
5 /
>
g /
[=]
(5] -
= 40 f m V,=3.85 x10°m/s (Expt)
§ / — — —  V_=3.85x10”m/s (Theory,kg|=0.6 X10°m/s)
o / A V=5.77 x10mis (Expt)
20 Y V=5.77x10" m/s (Theory,kg|=0.61 X10°°m/s)
° V4=7.70 x10”°m/s (Expt)
V=7.70 x10”°m/s (Theory,kg|=0.63 X10°m/s)
O T T T T T

0 5 10 15 20 25 30
Time (min)
Figure 5.3.2b Effect of superficial velocity of gas on conversion of lime in a foam-

bed reactor (sample batch no.: CDH, 03097)

Experimental data and parameter values have been shown in Tables SE.4.1 to 5E.4.3

Parameters/ variables ] A )
Surfactant SDS SDS SDS
C, (ppm) 4000 4000 4000
H, (m) 0.4 0.4 0.4
Cpo (kg/m’) 40 40 40
V, (m*)x10* 2.5 2.5 2.5
£ x 10° 1.04 1.28 1.62
Oco,(m*/s)x10* 0.33 0.5 0.67
Quir (m*/5)x10* 3.0 4.5 6.0
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Increase in turbulence with higher superficial velocity of gas cause higher values of
gas-liquid and gas-liquid-solid mass-transfer coefficients in a bubble column reactor.
Increased rates of gas absorption and solid dissolution accompanied by chemical
reaction, result in higher conversion of lime.

As with the other variables, extent of conversion after a given time of reactor
operation in the foam-bed reactor is observed to be substantially higher over that in
the bubble column reactor. Increase in turbulence in the storage section of a foam-bed
reactor occurs by two ways. Bubble size becomes larger and the number of bubbles
formed per unit time increases with an increase in the gas flow rate. Larger number of
bubbles of larger size passing through the column of liquid in a given time increases
turbulence in the storage section. Secondly, liquid hold-up in the foam section
increases due to higher superficial velocity of gas. This causes an increase in the foam
drainage rate by gravity as well. Larger quantity of suspended particles contained in
the slurry therefore moves to the region of very large gas-liquid interfacial area
facilitating increased rates of reaction of the absorbed gas and the dissolved solids in
the foam film close to the gas-liquid interface. Gravity drainage rate from the film
surfaces being directly proportional to the liquid holdup, rate of surface renewal of the
foam films due to surface drainage occur at a faster rate. The resulting higher values
of mass transfer coefficients in both storage and foam sections thus contribute to
higher conversion of lime due to higher rates of gas absorption, solid dissolution and

chemical reaction.
5.3.3 Effect of volume of slurry charged into the reactor on conversion

Figure 5.3.3a shows the effect of volume of slurry charged into the bubble column
reactor on conversion of lime at constant values of the other variables. Three sets of
experiments were performed by varying the volume of a batch of slurry from 2.5 x10™
to 5.0 x10™* m’. It is observed from the figure that conversion of lime is reduced as the
volume of slurry charged to the reactor is increased. Solids loading in the slurry is,
however, kept constant by mixing hydrated lime proportionately to the volume of
solvent used for its preparation. The surface area per unit volume of slurry, therefore,
remains same in each of the feed slurry. However, total amount of solids in the slurry
volume of 5.0 x10* m® being twice than that in 2.5 x 10™ m’, total solid-liquid

interfacial area available for solid dissolution in the former is higher by a factor of two
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compared to that in the latter. Hydrated lime being sparingly soluble, amount of

dissolved lime available in a larger volume of reactant slurry is proportionately larger.
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Figure 5.3.3a Effect of slurry volume charged into the reactor on conversion
of lime in a bubble-column contactor (sample batch no.: CDH, 03097)

Experimental data and parameter values have been shown in Tables 5E.5.1 to 5E.5.3

Parameters | 0 A
Cio (kg/m®) 20 20 20
H, (m) 0.0 0.0 0.0
Ve (m/s)x10? 3.85 3.85 3.85
Surfactant none none none
Oco,(m’/s)x10* 0.33 0.33 0.33
air (m*/s)x10* 3.0 3.0 3.0
Quir (

Liquid height in the column being larger for a larger volume of the slurry feed, gas-
liquid contact time also becomes proportionately larger. These aspects, therefore,
favors larger amount of dissolved solid to undergo reaction over a given period of
reactor operation. On the other hand, increased liquid height causes a lowering in each

of the gas-liquid and solid-liquid mass-transfer coefficient due to reduced intensity of
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agitation of the slurry, superficial velocity of gas being kept unchanged. This is likely
to lower the rate of reaction per unit volume of slurry. The observed experimental data
of reduced conversion therefore indicate that the effect of larger quantity of solids fed
to the reactor contained in the larger slurry volume on the conversion calculation

dominates over the combined effect of all the above factors. &, reduces from 0.99 x

10 to 0.45 x 10°° m/s as slurry volume increases from 2.5 x 10 to 5.0 x 10 m”.
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Figure 5.3.3b Effect of slurry volume charged into the reactor on conversion in a
foam-bed reactor (sample batch no.: CDH, 03097)

Experimental data and parameter values have been shown in Tables 5E.6.1 to 5E.6.3

Parameters /variables o u A
Surfactant SDS SDS SDS
C; (ppm) 4000 4000 4000

H, (m) 0.4 0.4 0.4
Ve (m/s)x10? 3.85 3.85 3.85
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Cpo (kg/m®) 20 20 20
& 10° 1.04 1.29 0.80
Oco,(m*/s)x10* 0.33 0.33 0.33
Quir (m*/8)x10* 3.0 3.0 3.0

In the foam-bed reactor, the conversion of lime is observed to be higher for a given
volume of slurry over that in the bubble column reactor under otherwise similar
experimental conditions. As observed in the cases of other variables, this is attributed
mainly to the substantially higher gas-liquid interfacial area. Model is found to agree
well to the experimental data for solid-liquid mass-transfer coefficient values in the
range 0.1 x 10” to 0.63 x 10 m/s. These values are in close agreement with those

reported by Ramachandran and Sharma (1969).
5.3.4 Effect of Foam height on conversion of hydrated lime

Effect of foam height on conversion of hydrated lime has been shown in Figure 5.3.4.
Initial solids loading and concentration of carbon-dioxide gas was maintained all

throughout the three sets of experiments at 40 kg m™

and 10 volume percent
respectively. It is observed that percent conversion of lime increases with an increase
in the height of foam column. Gas remains in contact with the liquid for a longer
period in a taller foam column and total gas-liquid interfacial area in a taller column is

substantially higher than those in a shorter foam column. Although volume of slurry
per volume of gas-liquid dispersion (8_,) reduces marginally with an increase in the
foam height, total volume of slurry in the foam column increases as the foam height is
increased. Superficial velocity of gas and volume of feed-slurry being same in each set
of experiments, reduced volume of slurry in the storage section associated with a taller
foam column generates higher turbulence resulting in higher values of gas-liquid and

solid-liquid mass-transfer coefficient.

Combined effects of all the above factors contribute to higher rates of gas absorption,

reaction and conversion of lime in a taller foam column. k,values vary from 0.25 x

10° to 0.75 x 10™ mV/s as the foam heights vary from 0.2 to 0.6 m.
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Figure 5.3.4 Effect of foam height on conversion in a foam-bed reactor (sample

batch no.: CDH, 03097)

Experimental data and parameter values have been shown in Tables S5E.7.1 to 5E.7.3

Parameters/variables | A o
Surfactant SDS SDS SDS
C, (ppm) 4000 4000 4000

Ve (m/s)x10 3.85 3.85 3.85

Cpo (kg/m’) 40 40 40

V, (m*)x10* 2.5 2.5 2.5
S_zx 102 1.47 1.04 0.84
Qco(m’/s)x10* 0.33 0.33 0.33

Quir (m*/s)x10* 3.0 3.0 3.0

5.3.5 Effect of nature of surfactant

Figure 5.3.5 shows the effect of nature of surfactant on conversion of hydrated lime in

a foam bed reactor.
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Figure 5.3.5 Effect of nature of surfactant on conversion of lime in a foam-bed
reactor (sample batch no.: MERCK, MH0OM601992)

Experimental data and parameter values have been shown in Tables 5E.8.1 to S5E.8.3

Parameters/variables o u A
Surfactant SDS CTAB Triton X-100

C; (ppm) 4000 540 960

H, (m) 0.4 0.4 0.4

Ve (m/s)x10? 3.85 3.85 3.85

Cio (kg/m®) 20 20 20

£ x 10° 1.62 3.31 1.09
Oco,(m’/s)x10* 0.33 0.33 0.33
Quir (m*/s)x10* 3.0 3.0 3.0

It is observed that higher conversion is obtained with all three surfactants used i.e.
sodium dodecyl sulfate (SDS), cetyl trimethyl ammonium bromide (CTAB) and octyl
phenoxy polyethoxyethanol (Triton X-100) as compared to that when no surfactant is
used. Conversion of lime is seen to be much higher when ionic surfactants (SDS and

CTAB) are used as foaming agent compared to that when non ionic surfactant is used.
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Presence of ions at the gas-liquid interface inhibits bubble coalescence and the

resultant decrease in average bubble diameter also alter klo. In such cases, the

volumetric mass-transfer coefficient, £, Oab increases 2-10 times (Riet,1979). Thus the

increase in conversion of calcium hydroxide in a foam bed reactor may be the result of
an increase in the volumetric mass transfer coefficient. For given height of foam
column, the number of bubbles are larger for ionic surfactants, resulting in higher
liquid hold up and interfacial area which causes larger absorption of CO, gas and

hence a higher conversion.
5.3.6 Effect of concentration of sodium dodecyl sulphate (SDS)

Four different concentrations of SDS: 2000, 4000, 8000 and 16000 ppm in hydrated
lime slurry were used for studies of their effects on conversion of lime. The
conversion, shown in figure 5.3.6, is found to increase with an increase in the
surfactant concentration in the lower concentration range. Above 8000 ppm,
conversion of lime is found to reduce.

Variation in the solid-liquid mass- transfer coefficient, &, is also found to follow the

similar trend. It increases from 0.6 x 10 m/s to 0.99 x 10 m/s and then reduces to
0.3 x 10° m/s. A plausible explanation for such variations is that increased
concentration of SDS, at its low level, increases the stability of foams resulting in an
increase in the foam film thickness and thereby the slurry hold-up in the foam column.
Increased turbulence due to reduced volume of slurry in the storage section and
greater slurry movement in the foam section lead to higher gas-liquid and gas-liquid-
solid mass transfer coefficient. Increased rates of gas absorption, solid dissolution and
reaction therefore produces higher conversion of lime. At higher concentrations of
SDS, surface coverage of lime particles by molecules of sodium dodecyl sulfate may

be a possible reason for the reduced conversion of lime.
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Figure 5.3.6 Effect of surfactant (SDS) concentration on conversion in a foam-
bed reactor(sample batch no.: MERCK, MH0M601992)

Experimental data and parameter values have been shown in Tables 5E.9.1 to 5E.9.4

Parameters/variables | 0 A v
C, (ppm) 2000 4000 8000 16000
H, (m) 0.4 0.4 0.4 0.4
Ve (m/s)x10 3.85 3.85 3.85 3.85
Co (kg/m”) 20 20 20 20
V; (m*)x10* 2.5 2.5 2.5 2.5
£ *10° 1.34 1.62 1.51 0.85
Oco,(m*/s)x10* 0.33 0.33 0.33 0.33
Quir (m*/s)x10* 3.0 3.0 3.0 3.0

Jana and Bhaskarwar (2011) also reported reduced conversion of lime in a foam-bed
reactor at such high concentrations of SDS in lime slurry. Reduction in the measured
values of Zeta potential (28.1 mV) of a suspension of hydrated lime particles in

distilled water in comparison to that produced (-45.8 mV) by a suspension of particles
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in 8000 ppm solution of SDS, was assumed due to the accumulation of the anions of
SDS at the positively charged surface of the calcium hydroxide particles in the slurry.
In the present work, a similar reason is assumed for the partial surface coverage of
lime particles by SDS molecules for the reduction in the rate of dissolution of calcium
hydroxide particles in suspension and hence the conversion.

Stangle and Mahalingam (1990) used substantially high concentration of SDS (1.5%
by weight) in their studies for carbonation of hydrated lime using 10 percent CO, gas
in a continuously operated foam-bed reactor. For the low values of k;; obtained, these
authors also reported the possibility of partial surface coverage of lime particles by

sodium dodecyl sulphate in slurry.

5.3.7 Effect of concentration of CTAB on conversion of lime

Effect of concentration of CTAB on conversion of lime in the foam-bed reactor has
been shown in Figure 5.3.7. Four sets of experiments were performed with CTAB
concentrations 200, 540, 1000 and 1620 ppm. The minimum concentration of CTAB
required for generation of a stable foam column at 10 percent CO, by volume and at
the minimum total gas flow rate of 3.33 x 10 m’ s™ (20 Ipm) is 200 ppm. The
maximum concentration of surfactant used here, 1620 ppm CTAB, corresponds to
approximately 4.79 times its CMC.

A similar trend in the conversion of lime is observed as it is found with SDS. The
conversion of lime first increases with the increase in CTAB concentration at low
levels, while at higher concentrations of the cationic foaming agent, i.e.>540 ppm, the

conversion of lime decreases, as was also observed for SDS.
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Figure 5.3.7 Effect of surfactant (CTAB) concentration on conversion in a foam-
bed reactor (sample batch no.: MERCK, MHO0M601992)
Experimental data and parameter values have been shown in Tables 5E.10.1 to

SE.10.4

Parameters/variables L v A [ )
H, (m) 0.4 0.4 0.4 0.4

Ve (m/s)x 10 3.85 3.85 3.85 3.85
Cio(kg/m?) 20 20 20 20

V; (m’)x10* 2.5 2.5 2.5 2.5
£ x 10° 2.76 3.31 1.40 0.98
Qco(m’*/s)x10* 0.33 0.33 0.33 0.33
Quir (m*/s)x 10" 3.0 3.0 3.0 3.0

The solid-liquid mass-transfer coefficient is also found to increase from 0.18 x 107 to
0.4 x 10” m/s with an increase in CTAB concentration in the low concentration region
and then decrease to 0.1 x 10” m/s at highest concentration (1620 ppm) used for

experiments. This trend in the variation of & ,with concentration of CTAB is found to

be similar to that with SDS and in all probability for similar reasons as indicated by

Jana and Bhaskarwar (2011). For their studies of carbonation of hydrated lime with
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pure carbon-dioxide gas in presence of CTAB, they estimated the zeta potential of a
suspension of hydrated lime particles in water and also in a suspension of particles in
1000 ppm solution of CTAB. They observed the zeta potential, 28.1 mV in 1000 ppm
CTAB solution in distilled water to increase to 42.8 mv in the slurry of lime particles
prepared using 1000 ppm CTAB solution. This increase in zeta potential was
attributed to the accumulation of cations of CTAB on the surface of lime particles due
to solid-chain interaction (Tadros, 1987) or because of bilayer adsorption of the

surfactant.

5.3.8 Effect of concentration of Triton X-100 on conversion of lime

The effect of concentration of Triton X-100 on conversion of lime has been shown in
Fig. 5.3.8. For studies of the effect of concentration of this non-ionic surfactant on
reactor performance, four different concentrations of Triton X-100 in lime slurry, viz.,
320 ppm, 960 ppm, 2400 ppm and 4800 ppm were chosen. Conversion of lime is
found to increase with an increase in the surfactant concentration and decrease at its

higher concentrations. Solid-liquid mass-transfer coefficient, &, is also found to

increase from 0.9 x 10 m/s to 0.3 x 10” m/s with an increase in the concentration of
surfactant, and then decrease to 0.65 x 10 m/s at the highest concentration (4800
ppm) used in the experiments, as was the case observed with cationic and anionic

surfactants.
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Figure 5.3.8 Effect of surfactant (Triton X-100) concentration on conversion of
lime in a foam-bed reactor (sample batch no.: MERCK, MH0M601992)
Experimental data and parameter values have been shown in Tables 5E.11.1 to

SE.11.4

Parameters/variables | o A v
H, (m) 0.4 0.4 0.4 0.4

Ve (m/s)x 10> 3.85 3.85 3.85 3.85
Cio(kg/m?) 20 20 20 20

V; (m*)x10* 2.5 2.5 2.5 2.5

£ 10° 1.02 1.09 1.26 1.06
Qco(m’*/s)x10* 0.33 0.33 0.33 0.33
Quir (m*/s)x 10" 3.0 3.0 3.0 3.0

In the lower concentration range, foam films become more stable and hence thicker
with an increase in the concentration of surfactant. This prohibits the coalescence of
bubbles and the enormous new surface area generated augment the dissolution of

carbon-dioxide substantially. The increased consumption rate of lime from solution by
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reaction with this absorbed carbon-dioxide causes dissolution of lime particles at a
faster rate and therefore the solid-liquid mass transfer coefficient value is increased.
With increased concentration of Triton X-100, the bulk viscosity of slurry increases
and consequently, lamellae of foam bubbles leaving the storage section become
thicker. This reduces inter-bubble diffusion of gas and prevents the decrease in
interfacial area caused by bubble coalescence. Thicker films also lead to larger
concentration gradients of the dissolved component 4. Drainage rate from thicker
films being larger due to gravity, the rate of surface renewal is also enhanced. Also,
thicker films for a given foam height in foam section imply a reduced volume of
slurry in the storage section with a consequent increase in turbulence. Combined
effect of all these factors possibly improves the gas-liquid and solid-liquid mass-
transfer coefficients and lead to higher observed rate of reaction and conversion.

Stangle and Mahalingam (1990) compared the value of %, they obtained in the three-

phase foam reactor with those obtained from a slurry bubble column reactor by
Ramachandran and Sharma (1969). ky; values in the foam reactor were found to be
lower by several order of magnitude relative to that in a bubble column reactor. The
authors (Stangle and Mahalingam, 1990) used 1% (v/v) of Triton X-100 for all the
experiments they reported in their study. Their explanation of the lower value of kg
due to partial surface coverage of lime particles by adsorption of surfactant molecules
appears plausible.

Solid-liquid mass-transfer coefficient values obtained in the present work are about
two orders of magnitude larger than that reported by Stangle and Mahalingam (1990).
Concentration of CO; used are same, 10 percent, in both the cases. While, Stangle
and Mahalingam (1990) used much higher concentration of Triton X-100 (10,000
ppm), the present work uses only 4800 ppm. Thus, surface coverage by surfactant
molecules that impart resistance to dissolution of particles in the liquid phase is

substantially less and lead to higher value of £ ,.

5.3.9 Effect of concentration of carbon-dioxide gas on conversion of lime

Concentration of carbon-dioxide gas in the feed gas mixture was varied from 10 to 50
percent by volume to study its effect on conversion of hydrated lime. Experimental

data has been shown in Fig. 5.3.9. Simultaneous absorption and reaction of carbon-
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dioxide gas with the dissolved lime, and, dissolution of lime being rate limiting steps
(Juvekar and Sharma, 1973) in the carbonation reaction of hydrated lime slurry, higher
concentration of carbon-dioxide in the feed gas is observed to increase the conversion
of lime substantially. Interfacial concentration of carbon-dioxide in the liquid phase
increases with an increase in its concentration in the gas phase. This increases the
rate of reaction and the concentration of dissolved lime is thereby reduced at a faster
rate. This phenomenon renders more lime to dissolve in the liquid to restore its
solubility. Thus, an increase in the concentration of CO, in the gas phase leads to an
increase in the rate of absorption of carbon-dioxide in the liquid, rate of dissolution of
lime and that of its reaction leading to higher conversion of lime. It is observed from

Figure 5.3.9 that present model fits well to the experimental data for values of £, in

the range 0.9 x 10°t0 0.25x 10° ms™.
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Figure 5.3.9 Effect of CO; concentration on conversion of lime in a foam-bed
reactor (sample batch no.: MERCK, MH0M601992)
Experimental data and parameter values have been shown in Tables SE.12.1 to

SE.12.3
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Parameters/variables ® u A
Surfactant SDS SDS SDS
C; (ppm) 4000 4000 4000

H , (m) 04 0.4 0.4

Ve (m/s)x10? 3.85 3.85 3.85

Cpo (kg/m’) 20 20 20
£ x 10° 1.62 1.62 1.62
Oco,(m’/s)x10* 0.33 0.83 1.67
Quir (m*/8)x10* 3.0 2.5 1.67

5.3.10 Effect of initial particle size on conversion of lime

Figure 5.3.10 shows the effect of initial size of hydrated lime particles on conversion
in a foam bed reactor for two different Ca(OH), samples supplied by CDH and
MERCK Pvt. Ltd.
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Figure 5.3.10 Effect of initial particle size on conversion of lime in a foam-bed

reactor
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Experimental data and parameter values have been shown in Tables 5E.13.1 to

SE.13.3.

Parameters/variables ® u
Surfactant SDS SDS
C, (ppm) 4000 4000
H, (m) 0.4 0.4
Ve (m/s)x10? 3.85 3.85
Cpo (kg/m?) 20 20
£ 10° 1.62 1.01
Qco(m’/s)x10* 0.33 0.33
Quir (m*/s)x10" 3.0 3.0

Carbonation of lime was performed with 4000 ppm SDS for both the samples. Two
different initial particle sizes of average diameter 6.04 um and 8.67 um were used for
experimental studies. Values of the parameters have been shown in Fig. 5.3.10.
Higher conversion was observed at all times for the slurry containing smaller particles
(6.04 um ) than for the slurry containing larger particles (8.67 um ). For a given solids

loading, solid-liquid interfacial area per unit volume of slurry is larger for smaller
particles than with larger particles. This enhances the rate of dissolution of solids and
thus higher rate of reaction and conversion.

Table 5.3.1 Comparison of solid-liquid mass transfer coefficient, & ,obtained in

present study with other investigators

Investigators CO2 concentration in With/with out Solid liquid mass
liquid phase by volume | surfactant transfer coefficient
k,m/s

Stangle & 10% With surfactant | 2x10 -3x10

Mahalingam, at high

1990 concentration

Present Work | 10-50% SDS,CTAB & | 1x10 -2.5x10
Triton X-100

Ramachandran | 40% Without 2x10 -8x10

& Sharma, 1969 surfactant

Jana,2010 100% SDS, CTAB & 1x10_5 -8.9);10_5
Triton X-100
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5.3.11 Effect of addition of ethylene glycol on particle size of product

Figure 5.3.11 shows the effect of addition of ethylene glycol on particle size of

product CaCOj generated in the carbonation of lime in a slurry-foam reactor.
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Figure 5.3.11 Comparison of particle size distribution of product CaCO; with
addition of ethylene glycol (MALVERN MASTERSIZER 2000E)

2-5 ml ethylene glycol was added to the slurry and SDS was used as the foaming
agent. After complete carbonation of lime particle size of product was measured
using MALVERN MASTERSIZER 2000E. It is observed that the particle size
reduces and specific surface area increases when ethylene glycol is added to the
reactant slurry. Addition of ethylene glycol to the slurry increases its viscosity. This
prohibits the agglomeration of particles but presence of ethylene glycol reduces the
rate of absorption of CO, and thus reduces the conversion of hydrated lime. Details of
the effect of addition of ethylene glycol on particle size and specific surface area of

product CaCOj; has been shown in Table 5.3.11.1.

Table 5.3.11.1 Comparison of particle size and specific surface area on addition of

ethylene glycol to slurry-foam reactor

S.No. Amount of At volume Particle size | Specific | Surface weighted
ethylene glycol % of (um) surface | mean diameter of
added, m’ x 10° | particles area, m°/g particles

(um)
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1. 2 8.829 6.5-8.8 0.384 6.374
2. 3 9.313 5.8-7.8 0.429 5.702
3. 5 11.76 5.3-7.2 0.438 5.588

5.4 Thermo-gravemetric analysis (TGA), X-ray diffraction (XRD) and Field
Emission Scanned Electron Microscope (FESEM) analysis of reactant and

product:

While the sample received from MERCK (P) Ltd is free flowing and particles take
time to settle from the slurry prepared along with surfactant, that received from CDH
(P) Ltd is sticky in nature, agglomerates in slurry and settles down quickly, possibly
due to some difference in composition of lime samples. TGA and XRD analysis of

samples were therefore performed.
5.4.1 Thermo-gravemetric analysis (TGA)

TGA of lime samples of different batch numbers supplied by MERCK (P) Ltd and
CDH (P) Ltd have been performed to evaluate their thermal decomposition
characteristics. The Thermo-gravimetric analyses (TGA) of calcium hydroxide
supplied by MERCK (P) Ltd, batch No. MHOM601992, has been shown in figure
5.4.1a. It is observed that as the temperature is raised from 30 C to 110°C, reduction in
weight is negligibly small indicating that the sample is perfectly dry. From 110°C to
330°C, at which decomposition of Ca(OH), starts, the reduction in weight is
insignificant. With further heating, weight of sample reduces by about 24% when it
attains 460°C indicating complete decomposition of Ca(OH),. On further heating
weight of sample reduces further by about 3% due to decomposition of CaCO3 and

other impurities.

Figure 5.4.1b shows the percentage decrease in weight as the sample, supplied by
CDH (P) Ltd, is heated at a rate of 10°C/min in an atmosphere of nitrogen. In the
temperature range, 10°C to 110°C, about 0.5% weight reduced which in all probability
is due to the removal of moisture contained in it. With the propagation of heating from
110°C to 330°C, about 1% additional reduction in weight is observed. This is
attributed to some impurities, not confirmed in the present studies. As the temperature

is raised further, about 23% reduction in weight is observed in the temperature range
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Figure 5.4.1a Thermo-gravimetric analyses (TGA) of hydrated lime supplied by
MERCK (P) Ltd. used in the experimental studies
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Figure 5.4.1b  Thermo-gravimetric analyses (TGA) of hydrated lime supplied
by CDH (P) Ltd. used in the experimental studies

330°C to 460°C which is due to the decomposition of Ca(OH),, the latter being present

only about 94%. Finally, about 3% additional decrease in weight is observed in the
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temperature range 460 C to 900 C and evidently, this is due to the decomposition of
CaCoO:s.

5.4.2 X-ray diffraction (XRD)

Relative amount of different lattice forms of particles present in the samples of
Ca(OH), have been evaluated by X-ray diffraction. XRD spectra of samples of
Ca(OH),, supplied by MERCK (P) Ltd and CDH (P) Ltd., have been shown in figures
5.4.2a and 5.4.2b, respectively. CuK-«a has been used to characterize the samples
with a 20 range of 10°-80°. While the lime particles in the sample supplied by
MERCK (P) Ltd are more crystalline, those present in the sample supplied by CDH
(P) Ltd contains relatively more amorphous particles. Product PCC is found to contain
all the three morphological forms: calcite, vaterite and aragonite. Figures 5.4.2c and
5.4.2d show the XRD peaks of CaCOs representing the crystalline structures present in
it. Both the stable polymorphs of PCC i.e. calcite and aragonite is produced when SDS
and CTAB are used as the foaming agents for carbonation of hydrated lime in a foam
bed reactor. Peaks of calcite are observed more predominantly compared to aragonite
when CTAB is used as a foaming agent while aragonite form is preferably produced
when the foaming agent used is SDS. XRD spectra of Ca(OH), and CaCOj3 are found
to agree well with the JCPDS (Joint Committee on Powder Diffraction Standards).
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Figure 5.4.2a XRD pattern of reactant Ca(OH), supplied by MERCK Pvt. Ltd.
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Figure 5.4.2b XRD pattern of reactant Ca(OH), supplied by CDH Pvt. Ltd.
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Figure 5.4.2¢ XRD pattern of product CaCQO; using SDS
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Figure 5.4.2d XRD pattern of product CaCO; using CTAB
5.4.3 Morphological analysis of products

The morphology of the product resulting from complete carbonation of hydrated lime
in the presence of surfactant has been studied by Field Emission Scanning Electron
Microscope (FESEM). The particles of CaCO; have a strong tendency to get
agglomerated due to their high surface energy. Therefore it is difficult to determine
the primary particle size precisely. Images of the particles are therefore obtained from
SEM analysis and shown in figures 5.4.3a and 5.4.3b for products obtained with SDS
and CTAB as the foaming agent. Calcite crystals display the spherical or
rhombohedral structure while aragonite precipitates with needle-like agglomerates.
Percentage of calcite formed is therefore substantially more as compared to aragonite
form when CTAB is used as the foaming agent. FESEM results are therefore found to
agree well with that obtained from XRD. It is observed from figure 5.4.3a that needle
like particles are more abundant than spherical or rhombohedral. Aragonite is
therefore the preferred morphological form produced in the carbonation reaction in the
presence of SDS as the foaming agent. However, as seen from figure 5.4.3b spherical
form of particles are much more in quantity than needle shaped particles. Therefore,
calcite is the preferred morphological form of particles produced in presence of

CTAB, used as the foaming agent.
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Figure 5.4.3a. FESEM image of product precipitated CaCO; resulting from complete

carbonation of precipitated CaCO3 sample using SDS as a foaming agent
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Figure 5.4.3b FESEM image of product precipitated CaCO; resulting from complete

carbonation of precipitated CaCO; sample using CTAB as a foaming agent
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5.5 Dimensionless correlation for &,

Solid-liquid mass transfer coefficient has been observed to increase with the increase
of concentration of CO; gas, superficial velocity gas, foam height etc, while it reduces

with initial loading of lime, volume of feed slurry. £, is also found to depend on

several other operating variables, viz., C,, & ,d  etc. It is therefore necessary to

develop a correlation using the dimensionless variables. Both the additive and
conventional power law relations were tried to find out a suitable correlation as a

function of operating variables for &, estimation. These kvalues estimated by the

two methods were used to test the fitting of the reactor model to the experimental data.

New £k, values from the additive correlation, when used for reactor simulation, better

agreement of the model to the experimental data were obtained. Hence, the additive

correlation was accepted for estimation of &, for the present system. The following

dimensionless correlation has been developed using experimental data collected with

the above variables.

In order to develop the dimensionless correlation, the following variables have been

used: k,;, Dy, d, & my(0)/V, h,H, V;,C6,Cou,, & and p,

Number of variables: 13

Number of dimensions needed to describe the above variables: 4; these are F, M, L

and 0.

Number of dimensionless groups that can be formed using above variables =13-4=9

The variables chosen for core groups are: D, d,g. and 4

The nine dimensionless groups to be formed, denoted by #; (i=1,2,3,...... ,9),

can be written as:
r s 1
7[1 = (Dé) 'd[qy 'gc 'll’leﬁ' stl)

7, = (Dy.dl.gl i, NH )

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 160



RESULTS AND DISCUSSION

7, =(Dp.dt gl ps, \h)
7, =(Dpat g w, )C,)
—(Dg.at.gru, \v,)

(
(Dg d Z g 'ﬂ;’/' XCG )1

7s
s
7, =(Dp.dt gl uy Np,)
7y =(Drd gl 1, Ne)
7, =(Dg.dt g a2, Yol 0)1V,)

The dimensionless groups obtained are as follows:

k,.d T(0).D V..d
7, = z, = M (Q-Dy 7, =
D, Hey Y, D,
H h C..D
T, = d—f 7Ts :d_ g =—"1F
p p 'uq‘/
.D —c C..D
7=p1 B 7[8:1_51 7, = ¢-p
Hey & Hey
In the correlations described below
Y=r, X\ =7, X,=7; X3=1, X, =75 Xs=Tg X4 =T,

X, to x, and Y are calculated for each set of experimental data using variables and

parameters actually used in the experiments. Using ‘data fit’, a curve-fitting software

the following correlations were developed.
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R’ =0.974996151
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Conclusions and Recommendations for future work

Conclusions

New mathematical models have been developed for absorption of lean CO, gas in
NaOH solution under condition of fast pseudo-first order reaction kinetics in short
bubble column- and foam-bed reactors operated in semi-batch mode. Models have
also been developed for absorption of 10 to 50 percent CO, gas from its mixture with
air in bubble column- and foam-bed slurry reactors. For the fast gas-liquid reaction,
liquid holdup does not play arole while for the moderately fast slurry reaction; liquid
holdup is important and has been incorporated in the model. The data published in the
literature on foam-bed reactors and the models have been reanalyzed. Experiments
have been performed in the above reactors for the systems chosen to verify if the
contribution of the storage section towards gas absorption and reaction is negligible,
as it has been claimed in the published literature, compared to that in the foam section
although the storage constitutes 65 to 85 percent of the total liquid charged to the
reactor. Storage have been observed to be the main section governing the performance
of the foam reactor and in the present work, the foam reactor models have been
developed taking into consideration the contributions of both the sections. When there

is no foam, the foam reactor models reduce to those of the bubble column reactors.

The models developed have been validated through generation of experimental data.
The variables investigated are : effects of initia concentration of NaOH, superficial
velocity of gas, volume of solution charged into the reactor and concentration of CO,
gas on conversion of NaOH for the gas-liquid system and, initial loading of hydrated
lime in durry, superficial velocity of gas, height of foam column, volume of slurry
charged into the reactor, initial size distribution of lime particles (samples received
from different manufacturers), concentration of CTAB, SDS and triton X-100 used as
foaming agents, and, concentration of CO; in the feed gas for the slurry reaction. The
model predictions for a foam-bed reactor are found to agree well to the experimental
data and the reduced model also successfully explained the experimental data obtained
on a short slurry-bubble column reactor. These new performance data are the first of

their kind reported in the literature on foam-bed reactors.

Increase in the conversion of lime or NaOH with an increase in the superficia velocity
of gasis attributed to the higher gas-liquid and solid-liquid mass-transfer coefficients,
and to the higher liquid hold-up in the foam column. Increased concentration of CO,

in the feed gas results in an increase in its rates of absorption, reaction and conversion
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of lime/ NaOH. The increase in conversion in the foam reactors over the conventional
bubble column reactors, and with the increase in foam height is credited to the
increase in the gas-liquid interfacial area, higher liquid hold-up and larger gas-liquid

contact times.

The decrease in the conversions of lime and that of NaOH with the increase in solids
loading/ concentration of NaOH and with the increase in volume of dlurry/ solution
charged into the reactor is primarily due to the definition used for its calculation, and
partly due to the decrease in the mass-transfer coefficients under less turbulent
conditions in the storage section. Concentration of dissolved lime in solution slowly
decreases due to reaction even as more of lime comes into solution by dissolution of
particles. This decrease in the concentration of lime has been taken into account by
assuming second-order reaction kinetics in the model equations for storage section of

the slurry-foam reactor.

Liquid hold-up, an important variable for the slurry-foam reactor, has been measured
at different heights of the foam column, for all the experimental conditions used and
its average value over the foam column-height has been estimated. Material balance of
the reactants and products for the durry reaction has been verified through

experiments.

SEM and XRD analyses of PCC products obtained by complete carbonation of
hydrated lime indicate that while calcite is the predominant morphological form
obtained with CTAB as the foaming agent, aragonite is formed in appreciable quantity
with SDS. XRD analyses indicate presence of CaCOsz impurities and percent,
respectively, in samples received from CDH and MECRK Ltd.

Solid-liquid mass- transfer coefficient values are found to vary more significantly with
the superficial velocity of gas and with the concentrations of CO, gas. Its variation
with the solids loading, volume of feed slurry, concentration of surfactants and with
foam height is rather low. A dimensionless correlation has been developed for solid-
liguid mass transfer coefficient using the experimental data collected for carbonation
of hydrated lime slurry as functions of concentration of carbon-dioxide gas, superficia
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velocity of gas, etc and other variables/parameters studied for collection of
experimental data.

Recommendations for futurework

1. lonic and non-ionic surfactants mixed in various proportions may be used as the
foaming agent and its effect on conversion of hydrated lime / NaOH may be
studied.

2. The effects of the following variables/parameters on conversion of lime in afoam-
bed reactor have not been studied in the present work. It is recommended here that
the effects of these variables may be studied in a future work.

() The effect of temperature of slurry, reactant gas and that of NaOH feed solution
on their conversion.

(i) Effect of concentrations, between 50 and 100 volume percent, of CO, gas on
conversion of hydrated lime.

(iii) The effect of diameter of the foam column on conversion of reactants.

(iv) The effect of diameter of orifices of the gas-distributor plate (variation of gas-
bubble size).

3. Performances of the gas-liquid/ gas-liquid-solid bubble column and foam-bed
reactors have been studied for semi-batch mode of operation. Future work may

aim at studying the performances of these reactors for continuous flow.

4. A foam-bed reactor being advantageous for treatment of large quantity of gas using
a small amount of liquid, it can be usefully employed for pollution abatement
problems, especialy for removal of dusts and harmful components from exhaust
gases. It may be studied as a slurry reactor for desulfurization of exhaust gas using
lime/ limestone, carbon-dioxide removal from exhaust gases emanating from

furnaces, thermal power plants, etc.

5. While aragonite has been observed to be the major crystalline form obtained as
product when SDS is used as the foaming agent but it is calcite when CTAB is
used for this purpose. Aragonite being a highly desired morphological form for
medical purposes, detailed studies of the above aspects are required to maximize

the production of aragonite and elimination of surfactants as impurities from the
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products. Products from slurry-foam reactors may be stored over long period for
studies on growth rates, shape of crystals of PCC produced using different

surfactants as foaming agents, etc.

6. Other ionic and non-ionic surfactants may be used to study the performances of the
systems employed in the present work and to find out the best surfactant to obtain
the desired morphology of the PCC crystals.

7. Performance of the gas-liquid foam-bed reactor has been studied using only CTAB
as the foaming agent. Anionic and non-ionic surfactants and different

concentrations of these may be used to study the effect of these variables.

8. Possible synthesis of nano particles of CaCOj3 in foam-bed reactors by carbonation
of soluble calcium salts and containing suitable foaming agents may be
investigated.
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APPENDIX 2A

2A. 1 Bubble formation at orifice: Bubble diameter and terminal rise velocity of
bubbles

2A.1.1 Bubble diameter

The size of gas bubbles depends on the rate of gas flow through the orifices, the
orifice diameter, the fluid properties and the extent of turbulence in the liquid. For
horizontally placed orifice plates, turbulence in the liquid solely due to rising bubbles

and orifices separated by at least 3d,, apart, the following correlations have been

proposed by various investigators for air-water system.
Very low gas rates

For liquids having viscosities similar to that of water, diameter can be computed by
equating the bouyant force on the bubble which tends to lift the bubble away from the
orifice to surface tension which tends to retain it at the surface. Thus at the time of

detachment of the bubble, the two forces being equal, one can write
T3
Elanpglg. =y (2A.1)

This simplifies to,

5
dy = $dy0 &, (2A.2)
g Ap

This has been shown to be true for orifice diameters up to 10 x 10 m.

For large liquid viscosities, up to 1000 cp, the following correlation has been proposed

(Davidson and Schuler, 1960) to be applicable,

Y
d,, = 2.312[“1—%} (2A.3)
PLg

| ntermediate flow rates, Qgo > [20 (do02.)°/( g4p)* pi1M® but Re,<2100  (Leibson
et al., 1956)
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1

d, =0.0287d,*R .. /4 2A.4)
where, d, and d, are in metres and R.¢,, = d,V,pc/ 1c
Largegasrates (Leibson et al., 1956)

d,, =0.0071R%” (2A.5)

Correlations for specific interfacial area, gas holdup and additional correlations for

bubble diameter in conventional reactors are listed in Table 2.3.
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Figure 2A.1 Terminal Velocity of Single gas bubbles
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2A.1.2 Terminal rise velocity of single and swarms of bubbles

Rise velocity of single bubble

The following correlations have been proposed (Mendelson, 1967) for estimation of

steady state rise velocity of single bubbles:
() dp<0.7x10°m
The bubbles are spherical and the terminal velocity is given by Stoke’s Law:

_ gdbozAp
18 1,

t

(2A.6)

(i) 0.7 mm <d,<I.4 mm

The gas within the bubbles circulates and it rises at a faster rate. Specific correlations

are not available.
(1) 1.4 mm <d,< 6 mm:
The bubbles are not spherical and follow a zigzag path.

d,>6 mm: The bubbles have a spherically shaped cap. For low viscosity liquids,

Vt:\/zagc +gdb0
dyop, 2

(2A.7)

Bubble swarm velocity: Velocity of swarms of bubbles rising through a column of

liquid has been given by Marrucci (1965). Details have been presented in chapter 3.
2A. 2 Carbon dioxide: The greenhouse gas - An overview
2A.2.1 Production and consumption

It appears imperative to become familiarize with the specific and important aspects of

raw material being used in this study.

Carbon dioxide has limited solubility in water, reversibly getting converted to H,COs.

The hydration equilibrium constant of carbonic acid is

_1H,c0;]

“1Co.aall” 1.70x10 (at 25°C) (2A.8)

K,
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Only a small fraction of the carbon dioxide is converted to carbonic acid but remains

as CO; and not affecting the pH of the solution.

Production: For almost all practical purposes, CO; is obtained as a byproduct from
numerous process operations and used as raw material in large tonnages in industries

for the manufacture of chemicals, fertilizers etc. after necessary purification.

(1) Hydrogen manufacture by steam reforming of petroleum products (ii) NHj
synthesis (ii1) Fermentation (iv) Quicklime manufacture (v) Pig iron in blast furnace
(vi) Cement industries (vii) Petroleum refinery (viii) Natural gas processing plants

(ix) Power plants (coal/ natural gas)

2A.2.2 Purification of CO, from its mixture with other gases present as

impurities

The most widely used industrial process for the removal of CO, from gas mixtures
employ one of a variety of alkaline solutions. Both physical and chemical absorption
processes have been employed for the purpose. There are two important solvents used
extensively for this purpose, viz., an aqueous solution of mono-ethanol amine and the

other being hot potassium carbonate.

Aqueous solution of mono-ethanol amine under pressure reacts with CO, at room
temperature. The MEA solution is then stripped with steam at 90-120°C at near
atmospheric pressure in a reactivation column to dissociate the MEA.CO, complex.
This process has the disadvantage of severe corrosion at elevated temperature
especially at that part of the tower where CO, concentration in solution is high.

Stainless steel or a corrosion inhibitor is used to mitigate this problem.

The other solvent extensively used is aqueous solution of sodium or potassium
carbonate. CO, produced by water gas reaction or steam reforming of naphtha is
separated from H, preferably with aqueous solution of K,CO;/ KHCO; rather than
Na,COs/ NaHCOs solution. This is attributed to the fact that larger amount of CO, is
dissolved in the former than that in the latter before the solution becomes saturated
and needs regeneration. Secondly, the ionic strength effect on the rate and equilibrium

constants is more favorable with the K,CO; solution.
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Although it is possible to remove CO; to a value as low as 0.1% by volume using
K,COs solution, it has been observed economical to operate the tower for purity levels
of 1% and greater. CO, is absorbed under pressure in hot K,CO; solution at
temperatures close to its boiling point and regenerate it at the same temperature but at
a pressure close to atmosphere. This reduces steam consumption and eliminates heat

exchangers.

Specific catalysts and promoters are added to the solution for process improvements.
In alkaline solution, the following reactions are known to occur.

CO,+H,0 < H,CO; — HCO; H' (2A91)
CO,+OH — HCO; (2A.911)

Reaction (ii) is known to be faster than (i). As the reaction involves ion, the rate
constant k,,, is affected by the ionic strength of the solution. In reality, the reactive

alkaline solution is buffered by the presence of several anions, as when carbonate-

bicarbonate buffered solutions of sodium or potassium are used.

Concentration of hydroxyl ions are obtained from the two rapid reactions:

HCO; «H" + CO5* (2A.9 iii)
H,0 < H" + OH" (2A.9iv)

Eliminating the concentration of H" ions one obtains,

[OH "] = Kw(CO,” ] (2A.10)

[K,][HCO, ]

k, is the second ionization constant for carbonic acid and X, is the ion product for

water.
Rate of gas absorption depends on its solubility which in turn is affected by the
concentration of ions in solution at the interface. The Henry’s law coefficient for the

solution is related to its value in pure water by the empirical equation:

logi =—hl
a, Q2A.11)
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Where, / is the ionic strength calculated as,
15 2

I=— °C, 2A.12
'y @A12)

Andh=h, +h +h, (2A.13)

Physical solvent Processes
There are several such processes:
(i) Rectisol process: The solvent used is methanol at -60° C.

(if) Fluor solvent process. Propylene carbonate, a non-aqueous solvent is used for

absorption of CO, gas.

(iii) Sulfinol process: Tetrahydrothiophene dioxide, an organic solvent is used for the

absorption of CO, gas.

(iv) Selexal process: Dimethyl ether of polyethylene glycol is used for the absorption
of SO, gas.

(v) Purisol process: N-methyl-2-pyrrolidone
(vi) Ammonia process: Aqueous ammonia solution is used as solvent.

(vii) Water at high pressure: solubility of water being poor at low pressure,

absorption operation is performed at high pressure.

2A.2.3 Consumption of COgy: (a) In the manufacture of (i) Urea (ii) Methanol (iii)
Metal carbonates and bicarbonate (iv) Sodium salicylate (v) Wine making (vi)
Carbonated soft drink (vii) Pulp and paper manufacturing, (b) Production aid or as
solvent (i) Supercritical extraction (ii) Enhanced oil recovery: CO, dislodges oil
trapped in the pores of underground rock. Friction is reduced in presence of CO, and

flow of oil through the rock to the well is enhanced (iii) Manufacture of dry ice.

2A.2.4 Danger associated with the release of CO; into atmosphere: Among the
fossil fuels, coal accounts for the maximum quantity of CO, generated per unit of

energy produced.
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CO; emission and the Global warming effect

Carbon dioxide among the other green house gases, methane, nitrous oxide, ozone and
water vapor is known to be the major concern on global warming. Increase in the
average temperature of the air and sea water is universally known as Global Warming.
Since 1750, the year of Industrial Revolution, Industrial Growth and burning of Fossil

Fuels CO ; concentration in the atmosphere has increased from 280 to 392 ppm.

Visible light enters through the glass into a green house and is converted to infrared
(heat) radiation. However, the glass being opaque to infrared, it cannot go out and the
greenhouse remains warm. Water vapor and CO, in the atmosphere absorb the

outgoing heat radiation and send it back to Earth.
Preventive measures:
CCS (carbon capture and sequestration)

After capture from large stationary sources, CO; is compressed, transported by pipe
line, train/truck/ship etc) to site and injected underground (depleted oil and gas fields,
deep coal seams and saline formations; geologic storage includes porous rock which

must prevent upward migration of CO,.
CCS is a three-step process:

(1) Capture of CO, from process or power plants using an MEA absorption tower in
place of the conventional stack, desorption of CO, gas and recycling the regenerated

solvent to the absorber.

(i1) Transport of the captured and compressed CO, usually by pipe lines to the storage

site

(ii1) Underground injection of the CO,, a mile or more beneath the surface, into rock

formations.
Limitations:

* Energy penalty (10 to 40 percent of the energy produced by a power
plant).
* May lead to doubling of coal plant costs
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2A.2.5 Kyoto Protocol

An international treaty that sets binding obligations on industrialized countries

to reduce emissions of green house gases.
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APPENDIX 3A
3A.1 Verification for pseudo-first order condition

Physico-chemical data

D,=2.2595x 107 cm?/s at 30°C
k,=1.3981x10’ cm’/g mole. s
C,4o=0.44136 x 10~ g moles/ cm’
D,=1.7979 x 10” cm?/s

z=2.0

C(=0.6914 x 10”7 g moles cm™

Conditionsfor pseudo-first order reaction :

Ha - VK Cpp-D g

kl

\/(1 .398x10" cm’® / gmol.s)(0.44136x107° gmol / cm®)(2.2595x10° cm® / 5)
0.0261(cm/ s)

=14.30

DBCBO / kZCOH*DAB
zD,C, k,

E/Ha= (1+

)

14 (1.7979x107)(0.44136x107)
(2)(2.2595x107)(0.6914x107)

[ 1/14.30

= [1+(0.2539x10%)]/ 14.30
= 2540/ 14.30
=177.6

k,a
k2CBO

_(0.0261)(0.9699)
(1.398x107)(0.44136x10°°)

=4.103x10"°
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Ha being much larger than 2 and E,/ Ha much larger than 5, the reaction is pseudo-

first order.
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APPENDIX 4A

4A.1 Preparation and standardization of solutions for absorption of CO, gasin
NaOH solution

Preparation of 0.1 N sodium hydroxide solution

8.4x107 kg of sodium hydroxide pellets were weighed on a watch glass and dissolved
in approximately 2.0x10™ m’ of boiled-out distilled water and mixed thoroughly.

When the pellets dissolved 2x10™ m® of volumetric flask make up with distilled water.

Preparation of 0.1 N solution of hydrochloric acid

Approximately 18 x10° m® of pure concentrated hydrochloric acid was pipette-out
and poured into the 2 x10™ m® of volumetric flask having 5x10™* m® of distilled water.
The resultant solution was make up to liter mark with distilled water and mix

thoroughly.

Preparation 0.1 N solution of oxalic acid (primary standard)
6.45x107 kg oxalic acid weighed and dissolved in 25x10° m’ distilled water and

mixed thoroughly. The solution was make up to 1x10” m® mark.
Standardization of 0.1 N sodium hydroxide solution

Sodium hydroxide solution reacts with atmospheric CO, and contamination of sodium
carbonate was formed that affect the strength of the base solution. Barium chloride
solution was added into the sodium hydroxide solution to precipitate CO;". The
barium carbonate was precipitated and the solution was filtered using whattman filter
paper. Then the solution was titrated against 0.1 N oxalic acid solution in the presence
of phenolphthalein as a indicator. The end point was reached when pale pink colour

persists for 30 sec. The reaction is given below:
2NaOH (aq )+ H,C,0,2H,0(s)—> Na,C,0,(aq )+ 4H,0 (4A.1)

Standar dization of hydrochloric acid

5x10”° m’ sodium hydroxide solution (carbonate free) was taken in the conical flask
and 2-3 drops of phenolphthalein was added into it. This solution was titrated against
hydrochloric acid solution to know the exact normality. The pale pink colour shows

the end point of the titration.
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4A.2 Deter mination of unreacted NaOH concentration in the product solution

Barium chloride solution was added into the product solution to precipitate CO; ™. The
barium carbonate was precipitated and the solution was filtered using whattman filter
paper. Then the solution was titrated against HCI in the presence of phenolphathalein

as an indicator. The titration gives the volume required to neutralize the NaOH present

in the solution.

4A.3 Sample calculation for conversion of sodium hydroxide

Initial NaOH in 5x107°m’

Dﬁph ::AGVXHG)

NaOH )

Normality of NaOH = %N

1

Eq. wt. of NaOH x250x N,

Amount of NaOH in 250 ml solution =
1000

Unreacted NaOH in 155 in 50 ml =

Normality of HCI x volume of HCI required to neutralized NaOH
50

=/ZN

Amount of unreated NaOH in 250 ml after 15s of reaction time

_ Eq.wt.of NaOH x250xZ
1000

:Yg

X-Y

x 100

% conversion =
4A.4 Preparation and standardization of solutionsfor carbonation of hydrated
limedurry
Preparation of 0.2 N iodine solution

About 80 x 10~ kg of potassium iodide was dissolved in 30 x10°® m® of distilled water
in a 2.0 x 10® m® volumetric flask and shaken thoroughly till complete dissolution.

About 50.8 x10” kg of iodine was then added to the flask. The contents were shaken

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 178



APPENDICES

well till iodine dissolved completely. Distilled water was then added to make the

solution volume up to the mark.
Preparation of sodium-thiosulfate Solution

Approximately 0.1 N sodium thiosulfate solution was prepared by dissolving 25.0 x
107 kg of A. R. grade crystallized sodium thiosulfate pentahydrate (Na,S,03.5H,0) in
about 500 x 10° m’ freshly prepared distilled water in a 2.0 x 10° m’ volumetric
flask. After complete dissolution of the particles, volume of the solution was made up
to the mark using distilled water. About 10 mg of Hg(Il) iodide was added to the

solution for its stabilization for storage for a few days.

Preparation of 0.1N potassium dichromate solution (Primary standard)

Approximately 4.903 x10~ kg of potassium dichromate (AR grade) was weighed and
dissolved in about 250.0 x 10° m’ freshly boiled distilled water in a 1.0 x 10° m’
volumetric flask. Volume of the solution was then made upto the mark using distilled
water. The normality of the solution was estimated as the ratio of actual weight of

potassium dichromate taken for preparation of the solution to its equivalent weight.
Preparation of starch solution

About 2.0 g of soluble starch was taken and a paste was made with little amount of
freshly boiled distilled water. This was poured into 200.0 x 10 m® of boiling water in
a beaker. The solution was boiled for one minute with constant stirring using a glass
rod. It was allowed to cool and 2 to 3 g of KI was added into it for preserving it for

several days.

Standar dization of thiosulphate solution

About 100.0 x 10 m® of freshly boiled distilled water was taken in a 500.0 x 10° m’
conical flask. Approximately 3.0 x10~ kg of KI and 2.0 x 10” kg of sodium hydrogen
carbonate were added and dissolved thoroughly. About 6.0 x 10° m’ of HCI was
added to this solution. 25.0 x10°® m’ of potassium dichromate solution of known
normality was added and the resultant solution was placed in dark for 5 minutes to

complete the reaction:

Cr,0~ +6I +14H " ——— 2Cr"+3L+7H0 (4A.2)
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After about 5 min, the stopper and the side wall of the flask were washed with
distilled water. The solution was diluted to about 300.0 x 10 with distilled water and
titrated with sodium thiosulphate solution till the solution attains yellowish-green
color. Thiosulphate reacts rapidly and stoichiometrically with the iodine liberated by

the above reaction under usual experimental condition (pH <5)

2 8,057 + 15 » 30+ 8406 (4A.3)

About 3.0 x 10°t0 5.0 x 10° m’® of starch solution was at this instant when the colour
of the solution changed to dark blue. Thereafter, thiosulphate solution was added drop
wise till the color changed from blue to light green which indicated the end of the

titration.

Standardization of 0.2 N iodine solution:

The iodine solution is standardized with sodium thiosulfate solution of known
normality. 25.0 x 10° m’ of iodine solution was taken in a 500.0 x 10°® m™ conical
flask. About 100.0 x 10°® m™ of distilled water was added it. The diluted iodine
solution was titrated using standard sodium thiosulphate solution until its deep violet
color turns into pale yellow. About 2.0 x 10° m’ of starch solution was added when
the color of the solution turns into deep blue. Drop wise addition of thiosulphate
solution was continued toll the contents become colorless indicating the end point of

titration.

4A.5 Chemical analysis of hydrated lime reactant sample and product slurry
for estimation of percentage of hydrated lime content

4A.5.1 Analysis of hydrated limereactant sample

Materials used

Standard solutions of sodium thiosulfate, 0.1N; iodine solution (0.2 N) and starch
indicator solution.

Procedure

Hydrated lime sample was accurately weighed close to a value of 1.0 x 10™ kg in a
glass-stoppered 2.50 x 10 m’ conical flask and about 3.0 x 10 m’ of boiling water is
added to it. The contents are shaken for about 15 minutes and cooled. Standard

solution of iodine added to it with constant shaking of the flask. Deep violet color of
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iodine is seen disappear. Addition of iodine and shaking of the flask is continued till
violet color of iodine is observed to persist. Presence of excess iodine indicated that
lime has exhausted by reaction. The solution is transferred quantitatively to a 5.0 x10™
m® volumetric flask and the solution volume is made up to the mark by diluting with

distilled water.

Excess iodine present in the solution is determined by pipetting out 2.5 x 10 m’® of
the solution titrating it with a standard sodium-thiosulphate solution. Starch indicator
was used to determine the end point of titration. A blank determination is also carried

out using the same amount of iodine solution as with the sample.

Working equation for estimation of hydrated lime content in the sample

The following equation for estimation of hydrated lime content in a test sample has

been taken from Jana (2007).

Percentage of hydrated lime by mass =74.1x

(Vth,b - Vth,s XN)
M (4A.5)

Where, Vi, , = Volume of thiosulphate solution required for blank titration
Vin,s = Volume of thiosulphate solution required to titrate the excess iodine present

4A.5.2 Estimation of unreacted limein the product slurry
Materials used

Standard solutions of sodium thiosulfate, 0.1N; iodine solution (0.2 N) and starch

indicator solution.
Procedure

An aliquot of 50.0 x 10 m® from the product slurry (20.0 x 10° m’) was titrated with
thiosulfate solution to determine the excess iodine present in the slurry and thus
calculate the amount of unreacted lime in the whole mixture. By doing this,
consumption of thiosulfate solution could be reduced. However, several aliquots from
product slurry generated widely different titer values when titrated against a standard
thiosulphate solution. It therefore indicates that suspended particles of unreacted lime
present in different aliquots were different. Hence, the entire volume of product slurry,

20.0 x 10™* m’, was titrated against thiosulphate solution for each experiment.
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Working equation for estimation of unreacted lime content in the product slurry
The following analysis has been taken from Jana (2007).

The total volume of product slurry including the column wash water and the iodine
solution, known amount, added to it to consume the unreacted lime is made up to
2000 ml (V) adding excess distilled water, if required. To reduce the volume of
iodine solution required to be added, its normality was kept at a relatively high value,
approximately 0.2 (N). It appears convenient to write the working equation in terms of

consumption of iodine.

(V1 a0 )(25)

ml, if the total
2000

Volume of iodine solution added per 25 ml of slurry =

volume of iodine solution added to the slurry is V; ;-

Again, if for standardization of 25 ml of iodine solution, volume of thiosulphate

solution needed is V,, ml,

Volume of thiosulfate solution equivalent to the iodine added per 25 ml of slurry

_ Q[sz,add x 25

(4A.6)
255 2000

Also, if the total volume of thiosulphate solution required for titration beV,, ,, , for the

estimation of excess iodine present in 2000 ml of slurry, then

(Vth,t()l )(25) m

Volume of thio required for back titration of 25 ml of slurry = 1

2000
Therefore, following equation (4A.6) one obtains,
The mass of unreacted lime present in 500 ml of slurry
Vi Viaaa 25 (V10 )(25)
=(0.741)] (== — A N 4A.7
( $ 25 ( 2000 ) 2000 I ( )
Mass of unreacted lime present in 2000 ml slurry =
Ve Visaia X235 (V10 )N(25)
4) (0.741)[ - (—== - == 4A.8
(4) (0.74D)[ 25( 5000 ) 2000 IN) (4A.8)
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APPENDIX 4B

4B.1 Estimation of liquid holdup from experimental data

The following data for the estimation of liquid hold-up have been collected for the
experimental conditions described in chapter 5 part II.

Volume of suction bulb = 550 x 10° m’

From the vacuum gauge, maximum vacuum generated = 690 mm Hg (approximately,
as seen from the vibrating needle).

After application of maximum vacuum, water was sucked into the bulb several times.
Volume of water sucked into the bulb varied from 490x10° m® to 500x10°° m>. Thus,
the average value of vacuum generated in the bulb is (495x10° m*/550x10° m’) x 760
mm Hg= 684 mm Hg.

Volume of liquid collected in the bulb after complete collapse of foam sucked from
the gas liquid interface is 39.0 x10™° m’.

The liquid hold-up values at the slurry-foam interface is thus: 39.0 x10® m? /495x10°°
m’= 0.079

Liquid hold-up values estimated from the foam sucked from different heights of the

foam column are shown in the following table:

Table 4B.1.1 Local liquid hold-up value in a slurry foam column

Distance from Slurry foam | Volume of liquid sucked into the | Liquid hold-up g
interface at which suction | sampling bulb (m®) x 10° Dimensionless
was applied (m) x 10

0.0 60.0 0.121212

3.0 11.5 0.023232

5.0 8.4 0.01697

10.0 3.0 0.006061

20.0 1.7 0.003434

39.0 1.0 0.00202

The above liquid hold-up values are plotted against height of foam and the height-
average liquid hold-up is obtained as 0.0103668.
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APPENDIX 4C

M easur ement of surface coefficient

An apparatus similar to that used by Jana (2007) was used for experimental
determination of surface coefficient of saturated lime solution containing different
concentrations of various surfactants (cationic, anionic and nonionic) used for
carbonation of hydrated lime slurry in the foam bed reactor. Volume of CO, gas
absorbed from the lean gaseous mixture is estimated using the manometer reading and
the correlation proposed by Jana and Bhaskarwar (2011). The surface coefficient is

then calculated following Blank and Roughton (1960)
4C.1 Experimental setup for measurement of surface coefficient:

The experimental set-up for measurement of surface coefficient is shown In Figure
4C.1. It consists of a water ring type vacuum pump, pump tank, ballast vessel, vacuum
stop cocks, a carbon dioxide gas cylinder, catch pot, mercury manometer, water

manometer, valves and gas absorption cells.
4C.2 Procedure for measur ement of surface coefficient:

(1) Preparation of surfactant solution: Saturated solution of calcium hydroxide was
prepared by mixing about 5.0 x107 kg of it in 2.0 x10™* m’ of hot distilled water in 2.0
x107 m? volumetric flask. The mixture was shaken thoroughly for about one hour and
allowed to cool. With gradual addition of cold distilled water, the mixture is shaken
intermittently and the volume made up to 2.0 x10° m®. The solution of hydrated lime
containing suspended particles is shaken occasionally for several hours and allowed to
settle overnight. Clear saturated solution of lime is separated by decantation. Known
amount of surfactant was added to this saturated solution of lime to prepare different
concentration of surfactant solutions in saturated lime solution for carrying out

experiments.
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Figure 4C.1 Experimental set-up for measurement of surface coefficient
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Figure4C.2 Linediagram of experimental set-up used for measurement of

Surfacetransfer coefficient

Legend

1-9. Vacuum stop cocks 10-15. Valves 16. Ballast vessel 17. CO; cylinder 18. Catch
pot 19. Water-ring type vacuum pump 20. Rotameter for water 21. Water pump
22.water tank 23. Gas-absorption cell 24.Dummy cell ~ 25. Differential water
manometer 26. Infrared lamp 27. Mixing zone 28. Air compressor 29. Rotameter

for air

(i1) Technique: Water is filled in the water tank and the vacuum pump is switched on.
Gas absorption data in the manometric apparatus is collected for estimation of surface

coefficient by following the below mentioned steps:
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(a) Valves (11)-(13) and vacuum stop cocks (1)-(3) closed, vacuum stop cock (9)
opened, the entire system is evacuated. Vacuum stop cock (2) is opened and water
is sucked into the differential manometer (25) to the desired level. Vacuum stop

cock (2) is then closed.

(b) Vacuum stop cocks (3), (4) and (8) were opened, and, (5) and (6) were shut. Test
solution was sucked into the gas-absorption cell upto the desired level. Vacuum
stop cock (3) was then shut and the system was evacuated for degassing the
solution.

(c) All the vacuum stop cocks were shut, and the system was left undisturbed for few
minutes so that the foam bubbles formed on the surface of solution get collapsed.

(d) Vacuum stop cock (9) and valve (11) were then shut and valve (13) was opened to
evacuate the low pressure gas storage vessel (16). Valves (11) and (13) were shut
and the ballast vessel (16) was filled with lean carbon dioxide gas having the
same composition as those used in the experiments. Gas filling and evacuation
was repeated twice to avoid the dilution of the gas mixture with the residual
impurity present in the vessel when its filling was started.

(e) Valve (11) and vacuum stop cock (1) were opened, valve (10) and vacuum stop
cocks (7-9) shut, the gas pressure in vessel (16) was adjusted to one atmosphere
by bleeding the excess gas through valve (12) by monitoring the vessel pressure
with the help of mercury manometer (26).

(f) Vacuum stop cock (5-8) were opened and the system was allowed to come to

equilibrium. Change in gas pressure in vessel (7) is found to be negligibly small.

(g) Vacuum stop cock (4) is opened and a stop watch started to mark the beginning of
an experiment. Vacuum stop cocks (7) and (8) are closed, and, (5) and (6) opened.
Differential heights of the water column, caused by the absorption of CO, in the
absorption cell and the resultant decrease in pressure in the left arm of the

manometer (25), are recorded as functions of time.

(h) Valve (12) closed and vacuum broken by opening the inlet valve to catch pot.
Vacuum stop cocks (7) and (8) opened, and, (5) and (6) closed. Then stop cocks (3)

and (4) are opened to drain the solution from the absorption cell.
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(1) For collection of more experimental data, the absorption cell is removed and rinsed
with fresh test solution. The cell is placed back in position and steps (b) to (i) are

repeated for each set of data.

4C.3 Sample calculation for surface mass transfer coefficient from experimental
data

Cross sectional area of absorption cell, Ay = 1.66 x 10™ m?

Cross sectional area of manometer tube, A= 3.125 X 10° m?

Total initial volume of gas in reference cell, Vo = 2.2803 x 10* m’
Total initial volume of gas in absorption cell, V,o = 6.0375 x 10° m?
R =8.314 x 10’ (kg. m?)/s>.kmol. °K

P,=1.03125 x 10° N/m’

Vins = 22.414 x 10” m*/kmol

T, =273 °K

P, = 1.03125 x 10° N/m’

P,o = 1.03125 x 10° N/m”

pm= 1000 kg / m®

For absorption of gas in saturated lime solution containing 2000 ppm SDS, the
manometer reading 44, at 15 sec is 9% 10° m.

Volume of gas in reference cell, V, = Vo + (hy/2) A;

V,=2.2803 x 10™ + (9% 10°/2)(3.125 x 10°)=2.28171 x 10™* m’.

R‘OV}’O

Pressure of gas in reference cell, P. =

”

=(1.03125 x 10°)( 2.2803 x 10/ (2.28171 x 10
=101262.28 N/m’
Pressure of gas in the absorption cell, P, =P. —h, p, g

=101262.28 — (0.009)(1000)(9.81)

=101173.98 N/m’
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PV T

ms

Molar volume of gas in absorption cell, V, =

S a

V= (1.03125 x 10°)(22.414)(303)/(273)(101173.98)
=24.89 m*/ k mol

Volume of gas in absorption cell after time t,, V, =V, —(h,, / 2)(4,)

a

V,=6.0375 x 10 - (0.009/2) (3.125 x 107°) = 6.0234 x 10° m’

Volume of gas absorbed during 15 sec, V,, = (ng- nw) Vg

1
Vab = E(PaOVaO - PaVa ) VMG

=23043 x 107" m®

Similarly calculate the volume absorbed for different manometer readings at different
time. And plot the graph, time vs volume of gas absorbed for with and without
surfactant. From trend- line equation, the volume of gas absorbed in the two cases is

obtained.

Time | Volumeof gasabsorbed (m®) x 10° | Volume of gas absorbed (m®)x
(s) (without any surfactant) 10%with SDS 2000 ppm)
0 0 0
15 0.5877 0.2304
30 1.2482 0.89304
45 1.8545 1.37481
60 2.1564 1.57705
75 2.4074 1.77892
90 2.5327 1.93008
105 2.6828 1.98042
120 2.8827 2.08104
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Fig. 4C.3 Volume of gas absorbed with timein saturated lime solution
containing 2000 ppm SDS
a) With SDS 2000 ppm b) Without surfactant

U = (0.041 x 60) x 10°=2.46 x 10° m’/min (Without surfactant)
U= (0.036 x 60) x 10°=2.16 x 10° m*/min (With surfactant)

-6
The fraction reduction in uptake rate, » =1-— Lxl()ﬁ =0.122
2.46x10"
U,
So k, =— 007 10% s
" A,Pr 60a

Similar calculations have been done for other sets of experimental data.
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APPENDIX 5A

SAMPLE CALCULATIONS

5A.1 Sample calculation for NaOH-CO» system

CO, of fixed concentration is supplied continuously to the reactor while the
concentration of NaOH in the batch of liquid phase reactant fed to the reactor get
reduced with time although the concentration of NaOH is maintained substantially
high during the entire period of reaction. Calculation is performed for a very small
time interval over which NaOH concentration is assumed to remain constant. The new
concentration at the end of time interval becomes initial concentration for the next
time interval. Time-conversion data is found to follow approximately the trend of a

straight line.

For running the simulation, a value of the saturation solubility of CO, is required.
Since, solubility of CO, varies with the ionic strength of NaOH solution, the batch of
NaOH fed to the reactor will have a particular solubility value for CO, at the start and
a different value at the end of reactor operation when the NaOH concentration is

reduced.

Using the experimental time-conversion data and material balance over a small time
interval, average (of that inlet to and exit from the reactor) partial pressure of CO,
both at the start of experiment as well as at the end of reactor operation are estimated.
Solubility of CO, at these partial pressure values is used as the starting trial value for

reactor simulation. There is no fitting parameter in the model.

5A.1.1 For bubble column

a) Temperature: 30 °C

b) Initial mass of NaOH in solution = 4.2652 g (Ref. Fig. 5a.1.1a)

c) Concentration of NaOH solution = 0.426 N

d) Py at reactor inlet: 3.588 x 107 atm (Qco-: 3 cm’s! 0 4ir: 833 cm’ s'l)

(Gas phaseresistance has been neglected and Pap = Paj)

Experimental conversion-time data are found to be linear.
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B. Solubility of COs; in the reaction mass in the bubble column at the time of start of

the batch reactor operation (Ref. fig. 5.1.1a)

1. Experimental conversion -time data is found to be closely linear.

Mass of NaOH reacted (during the first 15 s period of experimental run) = 0.00396
gs’
Moles NaOH reacted = 9.9 x 10~ gmol s~
Moles of CO, reacted = 4.95x107° gmol s~
Volume of CO, reacted
=4.95x107° x22400 =1.1088 cm’s'at 0°C and 1 atm pressure

_ (L1088>303) _ 1 2307t 30°C and 1 am pressure

273
Partial pressure of CO, at reactor exit :M =0.00212 atm
833+1.7693
Avg. partial pressure of CO, in the column, P, . = (0'003589; 0.00212)

=0.002854 atm

Average C,;_in the column at the start of experiment, C,, = H.P,, .

= (2.6089 x107°)0.002854) = 0.745x 107 gmol cm ™

Details of calculation of H is shown below:

lonic Effect on solubility:

H

w

logm(iJ =—hl (Eqn. 3.19)
h=h,+h +h,6=0.0914+0.066—-0.02133=0.1357 (Eqn.3.25)

I= %szq - %[(0.5)(1)2 +(0.5Y1¢]=05  (i=1 for Na" and i =2 for OH")

(Egn. 3.20)

log H, =4.117-0.059T +7.885x 10T (Eqn. 3.22)

=3.014 x 10”7 kmol m™ Pa™ =3.05 x 10 g mol cm™ atm™ (for 7= 303 °K)
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H
lOgIO [H_J =-0.06785

w

H =(3.05x107)0.85536) = 2.6089 x 10~* g mol cm’atm™ (at the start of expt)

C. Solubility of CO, in the reaction mass in the bubble column at the end of batch

reactor operation

D.

Conversion after 120 sec = 17.86%

Mass of NaOH remaining unreacted in the product solution = 4.265-0.7617 =

35033 g
Normality of NaOH in the product solution= 0.35 (N)
h=10.1357 1=0.35 (calculations performed as in ‘B’ above)

H
loglo (H_] =-0.0475

w

(ij =0.8964

HW

H = H,(0.8964)=(3.05x107*)(0.8964) = 2.734 x 107 g mol cm atm™
(at the end of expt)

Solubility of CO, at the end of batch reactor operation (when normality of NaOH
in solution is 0.35 N) at 30°C is obtained following the above (as in ‘B’)
procedure. Average partial pressure required for this is calculated from the molar
rate of reaction at the end of batch reactor operation which in turn is obtained

from the experimental data in a similar way as shown in ‘B’ above.

Reactor Simulation

Experimental conditions

Normality of NaOH feed solution: 0.426 (N)

Volume of feed solution: 250 cm’

Mass of NaOH in feed solution =4.2652 g,
Oco~= 0.192 lpm,

Quir= 50 Ipm
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Physico-chemical data

Cross-sectional area of column = 86.54 cm’
No of holes on the distributor plate = 31
Superficial velocity of gas =9.66 cm s™

Gas holdup = 0.29 (Shulman and Molstad,1950)

Diffusion coefficient of carbon-dioxide in liquid phase = 2.2595 x 10™ cm?/s

Partial pressure of component A at reactor inlet: 0.0038 atm.

Reaction rate constant at 30 C, &,= 1.398 x 10" cm’g mol™ atm™

Ry =2

u =2341cm (Eqn. 3.30)

sin gle

u. =13.52cm  (Eqn. 3.29)

swarm

dpy=0.573 cm

_ 4y —0.042 5

swarm

t

c

Residence time of bubble in column = hy =03s
u

Height of dispersion, 4, =4.07 cm

k, we = 0.026 cm s~

Density of feed solution = 1.02 x 10~ g cm™
1

Viscosity of liquid, g, =0.01g cm™'s”

Surface tension of liquid, 72 dyne cm™

(Eqn. 3.23)

In the present work, the theoretical predictions of conversion-time data have been

assumed to follow a linear trend. A value of Cy4; in the bubble column is required for

the reactor simulation. The average value of Cy; at the start of experiment, found to be

0.745 x 107 gmol cm™ as shown in part ‘B’ above, was used as the initial guess.

Model was found to agree well to the experimental data for a value of Cy; = 0.7694 x

107 gmol cm™.
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APPENDIX 5B

5B Experimental data for carbonation of sodium hydroxide in Bubble Column

Reactor and Foam Bed Reactor (Gas-liquid system)
5B.1 Bubble-column reactor data

Table 5B.1.1 Effect of concentration of sodium hydroxide (0.87N) on conversion
(figure5.1.1a)

Gas flow rate:

CO, flow rate: 3.0 x10° m%/s
Air flow rate: 833 x10° m*/s
Normality of NaOH solution= 0.87 (N)

Normality of HCI solution= 0.49 (N)
Volume of NaOH solution= 2.5 x10™ m’
Foam height: none

Surfactant: none

Time of | HCI consumed, | Unreacted NaOH Percent Conversion
reaction (m’)x 10° (kg) x 10°
(s) Experimental | Theoretical
0 87.5 8.6590 0.00 0.00
15 86.6 8.5699 1.04 1.02
30 85.4 8.4512 2.40 2.04
60 83.9 8.3027 4.11 4.07
90 82.6 8.1741 5.60 6.02
120 80.8 7.9960 7.65 8.14

Table 5B.1.2 Effect of concentration of sodium hydroxide (0.43N) on conversion
(figureb.1.1a)

Gas flow rate:

CO, flow rate: 3.0 x10° m?/s
Air flow rate: 833 x10° m’/s
Normality of NaOH solution= 0.43 (N)
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Normality of HCI solution= 0.49 (N)
Volume of NaOH solution = 2.5X10™* m’
Foam height: none

Surfactant; none

Time of HCI consumed | Unreacted NaOH Percent Conversion
reaction (s) (m*)x 10° (kg) x 10’
Experimental | Theoretical

0 43.1 4.2652 0.00 0.00

15 42.5 4.2058 1.39 2.10

30 41.6 4.1167 3.48 4.20
60 39.4 3.8990 8.58 8.40

90 37.8 3.7407 12.29 12.60
120 354 3.5032 17.86 16.80

Table 5B.1.3 Effect of concentration of sodium hydroxide (0.23 N) on conversion
(figureb.1.1a)

Gas flow rate:

CO;, flow rate: 3.0 x10°° m*/s
Air flow rate: 833 x10° m%/s
Normality of NaOH solution= 0.23 (N)

Normality of HCI solution= 0.50 (N)
Volume of NaOH solution = 2.5X10™ m’
Foam height: none

Surfactant: none

Time of | HCI consumed | Unreacted NaOH Percent Conversion
reaction (m’)x 10° (kg x 10%)
(s) Experimental | Theoretical
0 22.9 2.2662 0.00 0.00
15 223 2.2068 2.62 2.50
30 21.8 2.1573 4.81 5.00
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60 20.7 2.0485 9.61 10.01
90 19.4 1.9198 15.28 15.01
120 18.4 1.8209 19.65 20.01

5B.2 Foam-Bed Reactor data

Table 5B.2.1 Effect of concentration of sodium hydroxide (0.87 N) on conversion
(figure5.1.1b)

Gas flow rate:

CO, flow rate: 3.0 x107° m’/s
Air flow rate: 833 x10° m’/s
Normality of NaOH solution= 0.22 (N)

Normality of HCI solution= 0.49 (N)
Volume of NaOH solution = 2.5X10™* m’
Foam height: 0.2 m

Surfactant; C-TAB

Time of | HCI consumed | Unreacted NaOH Percent Conversion
reaction ()% 10° (kg) x 10° Experimental | Theoretical

(s)

0 89.5 8.8569 0.00 0.00

15 87.9 8.6986 1.79 1.88

30 86.7 8.5798 3.13 3.74

60 83.9 8.3027 6.26 7.40

90 80.6 7.9762 9.94 10.99

120 78.8 7.7980 11.96 14.52

Table 5B.2.2 Effect of concentration of sodium hydroxide (0.44 N) on conversion
(figure5.1.1b)

Gas flow rate:

CO, flow rate: 3.0 x10°® m’/s
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Air flow rate: 833 x10° m’/s
Normality of NaOH Solution= 0.44 (N)

Normality of HCI solution= 0.50 (N)
Volume of NaOH solution = 250 x10° m’
Foam height: 0.2 m

Surfactant; C-TAB

Time of | HCI consumed Unreacted Percent Conversion
reaction (m’)x 10° NaOH (k) x Experimental | Theoretical
(s) 10°
0 44.6 4.4136 0.00 0.00
15 43.5 4.3048 2.47 291
30 42.4 4.1959 4.93 5.78
60 40.2 3.9782 9.87 11.38
90 37.8 3.7407 15.25 16.81
120 35.5 3.5131 20.40 22.07

Table 5B.2.3 Effect of concentration of sodium hydroxide (0.22 N) on conversion
(figure5.1.1b)

Gas flow rate:

CO;, flow rate: 3.0 x10°° m*/s
Air flow rate: 833 x10° m?/s
Normality of NaOH solution=0.89 (N)

Normality of HCI= 0.49 (N)

Volume of NaOH solution = 2.5 x10™ m’
Foam height: 0.2 m

Surfactant: C-TAB

Time of | HCI consumed | Unreacted NaOH Percent Conversion
reaction (m’)x 10° (kg) x 10°
(s) Experimental | Theoretical
0 20.1 2.1768 0 0
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15 18.9 2.0468 5.97 5.69
30 17.8 1.9277 11.44 11.22
60 15.5 1.6786 22.89 21.78
90 13.8 1.4945 31.34 31.67
120 11.9 1.2887 40.80 40.89

Table 5B.3 Bubble-column reactor

Table 5B.3.1 Effect of superficial velocity of gas (4.35x10 m/s) on conversion

(figure5.1.2a)

Gas flow rate:

CO, flow rate: 1.8 x10° m?/s
Air flow rate: 375 x10° m’/s
Normality of NaOH solution= 0.23 (N)

Normality of HCI solution = 0.49 (N)
Volume of NaOH solution = 250 X10° m’
Foam height: none

Surfactant: none

Time of | HCI consumed | Unreacted NaOH Percent Conversion
reaction (m*)x 10° (kg) x 10°
© Experimental | Theoretical
0 44.6 4.4136 0.00 0.00
15 44.2 4.3740 0.90 0.89
30 43.9 4.3443 1.57 1.79
60 43 4.2553 3.59 3.59
90 42.1 4.1662 5.61 5.38
120 41.2 4.0772 7.62 7.18
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Table 5B.3.2 Effect of superficial velocity of gas (7.75x10 m/s) on conversion
(figure5.1.2a)

Gas flow rate:

CO, flow rate: 3.33 x10° m?/s
Air flow rate: 666.67 x10° m’/s
Normality of NaOH solution= 0.23 (N)

Normality of HC1 = 0.49 (N)
Volume of NaOH solution = 250 X10® m’
Foam height: none

Surfactant; none

Time of HCI consumed | Unreacted NaOH Percent Conversion
reaction (s) (m’)x 10° (kg) x 10
Experimental | Theoretical
0 43.1 4.2652 0.00 0.00
15 42.5 4.2058 2.62 2.50
30 41.6 4.1167 4.80 5.00
60 39.4 3.8990 9.61 10.00
90 37.8 3.7407 15.28 15.01
120 354 3.5032 19.65 20.01

Table 5B.3.3 Effect of superficial velocity of gas (9.67x102 m/s) on conversion
(figure5.1.2a)

Gas flow rate:

CO, flow rate: 4.34 x107° m’/s
Air flow rate: 833.0 x10° m’/s
Normality of NaOH solution=0.23 (N)

Normality of HC1 = 0.49 (N)
Volume of NaOH solution =250 x 10° m*
Foam height: none

Surfactant; none
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Time of HCI consumed | Unreacted NaOH Percent Conversion
reaction (s) (m*)x 10° (kg) x 10°
Experimental | Theoretical

0 44.6 4.4136 0 0.00

15 42.6 42157 4.48 3.26

30 41.4 4.0969 7.17 6.51
60 38.6 3.8199 13.45 13.03
90 36.7 3.6318 17.71 19.54
120 33.5 3.3152 24.89 26.05

Table 5B.4 Foam-bed reactor

Table 5B.4.1 Effect of superficial velocity of gason conversion of sodium
hydroxide (NaOH= 0.44 N) (figure 5.1.2b)

Gas flow rate:

CO, flow rate: 1.8 x10° m?/s

Air flow rate: 375 x10° m%/s

Superficial velocity of gas: 4.35x107 m/s
Normality of NaOH solution = 0.44 (N)

Normality of HCI1 =0.49 (N)

Volume of NaOH solution = 2.5 x10™ m’
Foam height: 0.2 m

Surfactant: C-TAB

Time of HCI consumed Unreacted Percent Conversion

reaction (s) (m’)x 10° NaOH (kg) x 10°

Experimental | Theoretical
0 44.6 4.4136 0.00 0.0000
15 44.2 4.3740 0.90 1.72
30 43.4 4.2949 2.69 3.44
60 42.1 4.1662 5.60 6.87
90 40.1 3.9683 10.09 10.31
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120 38.7 3.8298 13.23 13.76

Table 5B.4.2 Effect of superficial velocity of gason conversion of sodium hydroxide

(NaOH=0.44 N) (figure5.1.2b)

Gas flow rate:

CO, flow rate: 3.33 x10° m?/s

Air flow rate: 667 x10° m’/s

Superficial velocity of gas: 7.75 x10™ m/s
Normality of NaOH solution = 0.44 (N)

Normality of HCI = 0.49 (N)

Volume of NaOH solution = 2.5 x10™* m’
Foam height: 0.2 m

Surfactant: C-TAB

Time of HCl Unreacted NaOH Percent Conversion
reaction (s) | consumed (kg) x 10° Experimental | Theoretical
(m’)x 10°

0 44.6 4.4136 0.00 0.00

15 43.1 4.2652 3.36 4.22

30 41.4 4.0969 7.17 8.34

60 37.4 3.7011 16.14 16.32
90 35.1 3.4735 21.30 23.94
120 31.1 3.0777 30.27 31.19

Table 5B.4.3 Effect of superficial velocity of gason conversion of sodium
hydroxide (NaOH= 0.44 N) (figure 5.1.2b)

Gas flow rate:

CO, flow rate: 4.1 x10° m%/s

Air flow rate: 833 x10° m’/s

Superficial velocity of gas: 9.66x107 m/s
Normality of NaOH solution =0.44 (N)

Normality of HCI = 0.49 (N)
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Volume of NaOH solution = 2.5 x10* m®

Foam height: 0.2 m

Surfactant: C-TAB

Time of | HCI consumed | Unreacted NaOH Percent Conversion
reaction (s) (m’)x 10° (kg) x 10
Experimental | Theoretical

0 44.6 4.4136 0.00 0.00

15 42.8 4.2355 4.04 4.80

30 40.4 3.9980 9.42 9.49

60 35.9 3.5527 19.51 18.50
90 32.8 3.2459 26.46 27.05
120 29.1 2.8797 34.75 35.12

Table5B.5 Foam Bed Reactor

Table 5B.5.1 Effect of volume of sodium hydroxide solution charged into the

reactor on conversion (figure 5B.1.3)

Gas flow rate:

CO, flow rate: 3.0 x10° m%/s
Air flow rate: 833 x10° m’/s
Normality of NaOH solution = 0.44 (N)

Normality of HC1 = 0.49 (N)

Volume of NaOH solution = 2.5 x10™* m?

Foam height: 0.2 m

Surfactant; C-TAB

Time of HCI consumed | Unreacted NaOH Percent Conversion
reaction (s) (m’)x 10° (kg) x 10°
Experimental | Theoretical
0 44.6 4.4136 0.00 0.00
15 43.5 4.3048 247 291
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30 42.4 4.1959 4.93 5.78
60 40.2 3.9782 9.87 11.38
90 37.8 3.7407 15.25 16.81
120 35.5 3.5131 20.40 22.07

Table 5B.5.2 Effect of volume of sodium hydroxide solution charged into the

reactor on conversion (figure5B.1.3)

Gas flow rate:

CO;, flow rate: 3.0 x10°° m*/s
Air flow rate: 833 x10° m*/s
Normality of NaOH solution = 0.44 (N)

Normality of HCI = 0.49 (N)

Volume of NaOH solution = 3.5 x10™ m’
Foam height: 0.2 m

Surfactant: C-TAB

Time of | HCl consumed | Unreacted NaOH Percent Conversion
reaction (m*)x 10° (kg) x 10°
© Experimental | Theoretical
0 44.8 6.2068 0 0
15 44.1 6.1098 1.56 2.04
30 43.3 5.9990 3.35 4.05
60 41.6 5.7634 7.14 8.03
90 40.0 5.5418 10.71 11.91
120 38.4 5.3201 14.29 15.72

Table 5B.5.3 Effect of volume of sodium hydroxide solution charged into the

reactor on conversion (figure 5B.1.3)

Gas flow rate:

CO, flow rate: 3.0 x10° m%/s
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Air flow rate: 833 x10° m%/s
Normality of NaOH solution = 0.44 (N)

Normality of HC1 = 0.49 (N)
Volume of NaOH solution = 5.0 x10™* m’
Foam height: 0.2 m

Surfactant; C-TAB

Time of HCI consumed | Unreacted NaOH Percent Conversion
reaction (s) (m’)x 10° (kg) x 10
Theoretical | Experimental
0 44.9 8.8866 0 0
15 443 8.7679 1.34 1.68
30 43.7 8.6491 2.67 3.21
60 42.5 8.4116 5.35 6.23
90 41.3 8.1741 8.02 9.21
120 39.7 7.8574 11.58 12.13

Table 5B.6 Foam Bed Reactor

Table 5B.6.1 Effect of concentration of Carbon-dioxide gas on conversion of sodium
hydroxide (figure 5B.1.4)

Partial pressure of CO, solution: 2.16x10>atm
Gas flow rate:

CO, flow rate: 1.8 x107° m’/s
Air flow rate: 833 x10° m’/s
Normality of NaOH solution= 0.44 (N)

Normality of HCI = 0.49 (N)
Volume of NaOH solution = 2.5 x10™* m’
Foam height: 0.2 m

Surfactant: C-TAB

Time of HCI consumed Unreacted NaOH Percent Conversion

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 205



APPENDICES

reaction (s) (ml) (kg) x 10° Experimental | Theoretical
0 44.6 4.413616 0.00 0.00
15 43.8 4.334448 1.79 1.98
30 43.2 4.275072 3.14 3.94
60 41.4 4.096944 7.17 7.80
90 40.1 3.968296 10.09 11.59
120 383 3.790168 14.12 15.29

Table 5B.4.2 Effect of concentration of Carbon-dioxide gas on conversion of

sodium hydroxide (figure 5B.1.4)

Partial pressure of CO, gas: 3.59 x10” atm

Gas flow rate:

CO;, flow rate: 3.0 x10°° m*/s
Air flow rate: 833 x10° m*/s
Normality of NaOH solution= 0.44 (N)

Normality of HCI = 0.49 (N)

Volume of NaOH solution = 2.5 x10™ m’

Foam height: 0.2 m

Surfactant: C-TAB

Time of HCI consumed Unreacted NaOH Percent Conversion
reaction (s) (m*) x10° (kg) x 10° Experimental | Theoretical
0 44.6 4.4136 0 0
15 43.5 4.3048 2.47 291
30 42.4 4.1959 4.93 5.78
60 40.2 3.9782 9.87 11.38
90 37.8 3.7407 15.25 16.81
120 35.5 3.5131 20.40 22.07
Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 206




APPENDICES

Table 5B.6.3 Effect of concentration of Carbon-dioxide gas on conver sion of

sodium hydroxide (figure 5B.1.4)

Partial pressure of CO; : 4.90 x10 atm
Gas flow rate:

CO, flow rate: 4.1 x107° m’/s
Air flow rate: 833 x10° m’/s
Normality of NaOH solution= 0.44 (N)

Normality of HC1 = 0.49 (N)
Volume of NaOH solution = 2.5 x10™* m’
Foam height: 0.2 m

Surfactant; C-TAB

Time of | HCl consumed | Unreacted NaOH Percent Conversion
rea(cst)ion (ml) (kg) x 10° Experimental | Theoretical
0 44.6 4.4136 0 0
15 42.8 4.2355 4.04 4.25
30 40.4 3.9980 7.17 8.40
60 35.9 3.5527 16.81 16.44
90 32.8 3.2459 23.32 24.10
120 30.8 3.0480 31.94 31.40
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APPENDIX 5C

5C.1 Calibration of rota-meters

The rotameter is an instrument used for measurement of flow rate of gas. The
calibration of rotameters has been done by volume displacement method. A tank of
300 1 capacity was filled upto 2/3 of its capacity. An inverted glass bottle with
markings on its wall and completely filled with water was immersed into the water
tank in the inverted position. Carbon dioxide gas was allowed to flow through the
rotameter and when the flowrate reached a steady value, the tube connected to the
exit of the rotameter was slowly inserted into the glass bottle. A stopwatch was
immediately started to measure the time of flow. After the desired time, the tube was
removed from the bottle. The volume of water displaced was noted from the attached

scale on the outside wall of glass bottle (Table 5C.1.1).

Table 5C.1.1 Calibration of CO, rotameter by volume-displacement method

Rotameter reading, Ipm (m”/s) Measured (by displacement of water)
gas flow rates, Ipm (m’/s)
2.0(3.33x 10 2.15(3.58 x 107
3.0 (5.0x 109 3.25(5.41 x 107
4.0 (6.66 x 10 43 (7.16 x 10
5.0 (8.33x 107 5.4(9.02x 10
8.0 (13.33x 107 8.6 (14.33 x 10™)
. 16
o
E 14
§§ 12
£= 10
3§ ¢
2z
36 °
3 E ,
28
§. 0
S 0 2 4 6 8 10 12 14
Rotameter Reading (m3/s)x104

Figure 5C.1.1 Calibration of rotameter for CO, by volume-displacement
method
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Table 5C.1.2 Calibration of air rotameter by volume-displacement method

Rotameter reading, Ipm (m’/s) | Measured (by displacement of water)
air flow rates, lpm (m’/s)
5.0(8.33x 107 53(8.33x 10
8.0 (13.33x 10 8.4 (14.0x 107
10.0 (16.66 x 10™) 10.7 (17.83 x 10
18.0 (30.0 x 107 18.9 (31.5x 10™)
27.0 (45.0 x 107 29.0 (48.33 x 10
60
)
& 50 y = 1.072x - 0.140
§ R2=0.999
Lo
2o 40
3 X
Fb
e £ 30
S35
§ 2 20
©
o
§ 10
(7]
2
0
0 10 20 30 40 50
Rotameter Reading (m3/s)x10%

Figure 5C.1.2 Calibration of rotameter for air by volume-displacement method

The same experiment was repeated for different flow rates of air. The measured flow

rate was plotted against rotameter reading (Figure 5C.1.2).
5C.2 Coefficient of Deter mination, R?

The R? i.e_coefficient of determination is the best suitable method for finding out the
goodness of fit between experimental and simulated results. The value of R* can

determine by the following relation:
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Z (yi.expt = Vi pred )2

R*=100|1-
(yi,expt = Viexp t,avg )2
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APPENDIX 5D

SAMPLE CALCULATIONS

5D.1 Sample calculation for verification of gas-liquid-solid Ca(OH)>-CO, system

reactor model for itsfinding out its agreement with the experimental data

A. Experimental conditions

1. Temperature= 30°C
ii.  Total Initial loading of hydrated lime, m”(0)=5.0x 107,10 x 10° & 15 x 107,
kg
iii.  Bulk pressure of carbon di-oxide at reactor inlet, P,, : 0.25, 0.5 & 0.1 atm
iv.  Superficial velocity of gas, V. = 3.847 x107,5.77 x107 & 7.70 x10™ m/s
v.  Flow rate of COy, O, =0.33x10™,0.5x 10 & 0.67 x 10 m’/s
vi.  Flowrate ofair, 0, =3.0x 10%,4.5x 10* & 6.0 x 10 m’/s
vii.  Volume of slurry charged initially into the reactor, ¥,=2.5x10™",3.5x 10* &

5.0x10% m’
viii.  Foam height, H,=0.2,0.4 & 0.6 m

ix.  Radius of the reactor column, r.=5.25x10>m
X.  Number of holes in the distributor plate, H, =31
xi.  Average liquid holdup in the foam section, &, = 1.06 x10™ m (ref. table 5.2.1.5)
(Detail data presented in table 5.2.1.1 to 5.2.1.8)
xii.  Surfactant SDS= 2000, 4000, 8000 & 16000 ppm

B. Physico-chemical parameters

1. Diffusion Coefficient for 4 in liquid at 30° C, D ,=2.2024 x 10” m?/s
ii.  Diffusion Coefficient for B in liquid at 30° C, D, =1.7979 x 10 m%/s
iii.  Acceleration due to gravity, g =9.81 m s~
iv.  Solubility of hydrated lime in water at 30°c, C, = 2.0664 x10 k mol/m’

v.  Second order rate constant for the system, k,=1.24 x10* m*/ (kmol .s)
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vi.  Henry's constant for gas absorption in aqueous solution at 30°C, H = 2.6089 x

107 gmol/((:m3 atm)
Estimation of bubbleradius,r,,:

The volume of bubbles formed in a foam bed reactor is calculated using expression given

by Kumar and Kuloor, 1970:

12
Vbo:(o~976){§_ij éo.é
_ (0.976] 376:8x10 ”/ 08
T 31 (9.81)

=3.1343x107"m?

The average radius of bubbles is obtained as:

3Vb0 0.3333
el ey

=4.2169x10"m

Estimation of thevalueof Q,,V,,t; ,aandV

Solubility of carbon dioxide gas in water at 30°c, C
C,=Hxp,
Gas phase resistance has been assumed to be negligible.

(pA[,inlet + D i exit )
2

Py =

' =(2.6089 %10 )x (0.0026)
=6.942x107° kmol / m’

0;-€

Drainage rate, 0, = ——
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(376.8 10 J0.01)
(1-0.01)

=381x10"%m’ /s

Time of contact of gas with the liquid films in the foam bed, ¢, :

oo Hfﬂ'l’cz(l—é‘_[)

‘ o8

0.2x3.14x(5.25x1072) % (1-0.01)
- (376.8x10°)

=455s

5D.1.1 Sample calculation for conversion of Ca(OH), in foam-bed reactor from

experimental data

Sample calculation for conversion of hydrated lime using experimental data for 20
kg/m? initial loading of hydrated lime in a 0.4 m foam column for 300s using SDS as

the foaming agent (ref: table SE.2.1) are given below:

Initial weight of hydrated lime in 2.5 x 10 m® of water = 5.0052x 10~ kg
Purity of Calcium Hydroxide in sample = 94.76%

Normality of Thiosulphate solution =0.098 N~0.1 N

Volume of thiosulphate required to neutralize 25 x 10° m® of iodine solution = 58.9

x 10° m’
Reaction time = 300 s
Volume of iodine added to the product slurry = 230 x 10° m’

Total volume of thiosulphate solution required for neutralization of the excess iodine

present in 2.0 x 10~ m’ of slurry=78.9 x 10° m’
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Mass of unreacted calcium hydroxide present in 500 ml slurry =
V vV, x25
(0'741 Q Iyadd %25 | — th.tot (N)
251 2000 2000

Mass of unreacted calcium hydroxide present in 2.0 x107 m? slurry =

(4)(0.741){%[2;—;"8 x 25} - [%H(}V)
=(4)0.74 1){5 8.9 {ﬁ 25} - {MH(O.O%M)

— X
25 2000 2000

=1.68823x107 kg

Mass of Ca(OH); retained in the beaker (not transferred, N.T.)=
V V 25
(0.741) Y| Lrot o5 | [ Lnaw X221y
251{ 2000 2000

25 (2000 2000

=0.0234 g

Mass of lime reacted <100

Conversion = - -
Mass of lime charged into the reactor

(M )(% purily) —Massof Ca(OH),unreacted— N.T.

100
(M)(%purity)— N.T. *

~5.0052x0.9476 —1.68823 —-0.023355 8
5.0052x0.9476—-0.023355

100

=64.23%

5D.1.2 Sample calculation for conversion of Ca(OH), in foam-bed reactor after

300 s of reactor operation using the model developed in the present work

The reactor simulation with the values of parameters/ variables mentioned above

yield the following values after 300 s of reactor operation (ref. table SE.2.1).
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c,’ (0)= (mass of sample taken)(percentage of calcium hydroxide in sample)
’ B (MB ) (Volume of solvent)

sy (5.0052 x107)(0.9476)
¢’ 0)= (74.1)(250.0x107°)

=0.25602 k mol / m’

d .3
c;<o>:cg<r>+z{np,. —j”—V—

6 M,V

(2.2x10°)253.4x10°)

= (0.16249) +(0.00849) (74.1)250.0x10°)

=0.09347 k mol/m®

c, (0)-C, (¢) <100 < 0:25602 -0.09347

- x 100 = 63.49%
C, (0) 0.25602

Conversion =

Conversion obtained experimentally = 64.23%
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APPENDI X 5E

5E. Experimental data for carbonation of hydrated lime in bubble-column and

dlurry-foam reactor
5E.1 Bubble-column reactor

Table 5E.1.1 Effect of initial loading (20 kg/m’) on conversion of hydrated lime
(Figure 5.3.1a)

Sample Batch No.: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10* m> /s
Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution =54.9 x 10°m’

Surfactant: none Normality of thiosulfate solution =0.98N

Foam height: none

Time | Initial Vol of I, Volof | Mass of | Mass of Percent
(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excesslin [in  the | inprod | Expt | Theory
slurry slurry (| prod slurry | beaker slurry
kex10° | v) | (v,.) | kex10T | (%)
(m*)x10° (m’) x10° (kg) x10°
600 | 5.0061 370 90.6 0.0179 2.6324 | 44.29 | 48.67
1200 | 5.0016 260 98.3 0.0259 1.7235 ]63.43 | 65.93
1800 | 5.0087 200 117.8 0.0189 1.1719 | 7521 | 75.59
2400 | 5.0089 150 120.2 0.0267 0.7628 | 83.84 | 81.94
3000 | 5.0081 100 123.5 0.0266 0.0301 | 92.57 | 86.29
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Table 5E.1.2 Effect of initial loading (40 kg/m’) on conversion of hydrated lime
(Figure 5.3.1a)

Sample Batch No.: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10* m> /s
Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=54.9 x 10°m’
Surfactant: none Normality of thiosulphate solution =0.98N

Foam height: none

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | inprod | Expt | Theory
slurry slurry (| prod slurry | beaker slurry
kex10° | v) | (v,.) | kex10® | (%)

(m*)x10° (m’) x10° (kg) x10°

600 | 10.0548 760 85.6 0.0214 6.1838 [ 34.95| 34.54
1200 | 10.0054 540 90.3 0.0231 4.2863 | 54.68 | 53.61
1800 | 10.0610 450 98.7 0.0336 3.4864 | 63.30 | 64.75
2400 | 10.0347 350 100.5 0.0194 2.6251 | 72.34 | 72.29
3000 | 10.0240 250 50.4 0.0341 1.9530 | 7936 | 77.85

Table 5E.1.3 Effect of initial loading (60 kg/m®) on conversion of hydrated lime
(figure 5.3.1a)

Sample Batch No: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10 m? /s
Air flow rate: 3.0 x 10* m> /s
Volume of solvent in slurry = 2.5 x 10 m’
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Volume of thio solution required for titration against 25 ml I, solution=54.9 x 10°m’

Surfactant: none Normality of thiosulfate solution =0.98N

Foam height: none

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess [ in [in  the | inprod | Expt | Theory
slurry slurry (| prod slurry | beaker slurry
(kg)x10* | v,) (Vo) | (k@)x10° | (Wp)
)X10° | () x10° (kg) x10’
600 | 15.0431 1200 76.5 0.0186 99778 2991 | 27.79
1200 | 15.0054 900 80.8 0.0321 7.3979 | 47.85| 47.48
1800 | 15.0061 760 90.7 0.0196 6.1652 | 56.58 | 59.92
2400 | 15.0304 600 100.2 0.0340 4.7630 | 66.48 | 68.39
3000 | 15.0241 500 110.6 0.0193 3.8704 | 72.78 | 74.61

5E.2 Foam-bed reactor

Table 5E.2.1 Effect of initial loading (20 kg/m’) on conversion of hydrated lime (figure
5.3.1b)

Sample batch no.: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10* m? /s
Air flow rate: 3.0 x 10* m> /s
Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10™°m’
Surfactant: SDS (4000 ppm) Normality of thiosulfate solution =0.09842N

Foam height: 0.4 m
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Time | Initial Vol of Vol of Mass of | Mass of Percent
(s) mass of I, Thio sol” | Ca(OH), | unreacted conversion
sample solution req for retained Ca(OH),
in feed | addedto | excess L, in | in the | in prod
slurry prod prod slurry | beaker slurry
(kg)x10® | slurry ( (Vo) | Ge)xl 0| (W)
. ke)
vi,) (m’) x10° ( S
(m*)x10 x10 E
¢ xpt | Theory
180 | 5.0046 | ------- 41.46
300 5.0052 230 78.9 0.0234 1.6882 | 64.23 | 63.49
480 | 5.0046 | ------- 81.42
600 5.0092 160 167.8 0.0279 0.7627 | 83.84 | 87.65
720 | 5.0046" | ----ee- 91.73
900 5.0054 120 186.4 0.0259 0.8922 ]92.55| 95.28
1200 | 5.0029 80 145.3 0.0196 0.3999 | 96.66 | 98.08
1500 | 5.0004 70 130.3 0.0195 0.3207 9732 | 99.24

* Average weight of calcium hydroxide

Table 5E.2.2 Effect of initial loading (40 kg/m’) on conversion of hydrated lime
(figure 5.3.1b)

Sample batch no.: 03097 (Make: CDH)

Gas flow rate:

CO; gas flow rate: 0.333 x 10 m? /s
Air flow rate: 3.0 x 10 m’ /s
Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10° m’

Surfactant: SDS (4000 ppm)

Foam height: 0.4 m

Normality of thiosulfate solution =0.098N

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
in feed prod excess [ in | in the | in prod m
slurry slurry (| prod slurry | beaker slurry Expt | Theory
3 3
(kg)x10 v,) (Vth tm) (kg)x10 (Wp)
3 6 ’ (kg) x10°
(m)x10” | (m?) x10°
180 | 10.0444" | —-mrev 24.25
300 | 10.0491 800 310.3 0.0315 5.7413 39.97
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39.51
480 | 10.0444" 61.11
600 | 10.0514 400 245.6 0.0304 2.5409 | 7324 725
720 | 10.0444° 81.12
900 | 10.0185 250 265.8 0.0253 1.1785 | 87.55 | 89.21
1200 | 10.0961 160 213.6 0.0196 0.5957 |93.76 | 95.56
1500 | 10.0069 100 176.4 0.0195 0.2159 |97.72 | 98.11

* Average weight of calcium hydroxide

Table 5E.2.3 Effect of initial loading (60 kg/m’) on conversion of hydrated lime
(figure 5.3.1b)

Sample batch no.: 03097 (Make: CDH)

Gas

flow rate:

CO; gas flow rate: 0.333 x 10% m? /s
Air flow rate: 3.0 x 10* m® /s
Volume of solvent in slurry = 2.5 x 10* m’

Volume of thio solution required for titration against 25 ml I solution=58.9 x 10° m’

Surfactant: SDS (4000 ppm)

Foam height: 0.4 m

Normality of thiosulfate solution = 0.098N

Time | Initial Vol of I, Vol of Thio | Mass of | Mass of Percent
(s) | mass of solution sol” req for | Ca(OH), unreacted conversion
sample added to excess [, in | retained in | Ca(OH); in
in feed | prodslurry | prodslurry | the beaker | prod slurry
sturry (v,,) (Vir ) (kg)x10° (Ws) | Expt | Theory
(kg)x10 (m)x10° 3y 106 (kg) x10
(m’) x10
180 | 15.0196 |  ooeeeee | e | 23.34
300 | 15.0092 1100 70.2 0.0208 9.1942 35.26 | 37.81
480 | 15.0196 | —meooem | e | e 55.96
600 | 15.0659 550 75.5 0.0304 4.4498 68.76 | 65.26
I e — 72.54
900 | 15.0091 400 80.0 0.0145 3.1447 77.87 | 80.52
1200 | 15.0046 290 120.5 0.0303 2.0520 85.54 | 88.58
1500 | 15.0094 110 32.8 0.0302 0.8254 94.18 | 93.21
* Average weight of calcium hydroxide
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5E.3 Bubble-column reactor

Table 5E.3.1 Effect of superficial gas velocity (3.85 x 10 m/s) on conversion of

hydrated lime (figure 5.3.2a)

Sample Batch No: 03097 (Make: CDH)

Gas flow rate:

Initial solids loading = 40 kg/ m’

CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10“# m® /s

Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=54.9 x 10° m’

Surfactant: none

Foam height: none

Normality of thiosulfate solution =0.1N

Time | Initial VolofI, | Volof Thio | Mass of | Massof Percent
(s) | mass of solution sol" req for | Ca(OH), unreacted conversion
sample added to excess I in | retained in | Ca(OH); in
in feed | prodslurry | prod slurry | the beaker | prod slurry
sturry (vi,) (Vi o) (kg)x10° (Ws) | Expt Theory
(kg)x10™ | (m)x10° (m®) x10° (kg) x10
300 | 100359 | 0 | e | 19.57
6.1838
600 | 10.0548 760 85.6 0.0214 3495 | 34.54
900 | 10.0359* | | e | e || 45.62
4.2863
1200 | 10.0054 540 90.3 0.0231 54.68 | 53.61
1500 | 10.0359* | | e | o || 59.81
3.4864
1800 | 10.0610 450 98.7 0.0336 63.30 | 64.75
2100 | 10.0359* | | e | e 68.84
2400 | 10.0347 350 100.5 0.01939 2.6251 72.34 | 72.288
2700 | 10.0359* | | e | e 75.26
3000 | 10.0240 200 30.5 0.0341 1.9530 83.11 | 77.85
* Average weight of calcium hydroxide
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Table 5E.3.2 Effect of superficial gas velocity (5.77 x 10 m/s) on conversion of
hydrated lime (Figure 5.3.2a)

Sample Batch No: 03097 (Make: CDH)
Gas flow rate:

CO, gas flow rate: 0.5 x 10 m’ /s
Air flow rate: 4.5 x 104 m> /s
Initial solids loading = 40 kg/ m’

Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m’
Surfactant: none Normality of thiosulfate solution =0.1N

Foam height: none

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
3 3
(kg)x10 vi) (Vth tot) (kg)x10 (Wp)
3 6 ’ (kg) x10°
(m)x10” | (m?) x10°
300 | 100145" | | e 38.51
600 | 10.0098 540 60.7 0.0189 4.1446 | 56.22 | 56.60
900 | 10.0145" | | e 67.08
1200 | 10.0231 350 70.5 0.0279 2.5709 | 72.85 | 74.24
1500 | 10.0145" | | e 79.50
1800 | 10.0076 260 75.4 0.0205 1.8245 | 80.72 | 83.42
2100 | 10.0145" | | e 86.47
2400 | 10.0053 190 95.7 0.0271 1.1829 | 87.49 | 88.96
2700 | 10.0145" | | e 90.98
3000 | 10.0269 150 95.3 0.0188 0.8607 190.92 | 92.59

* Average weight of calcium hydroxide

Table 5E.3.3 Effect of superficial gas velocity (7.78 x 10 m/s) on conversion of
hydrated lime (Figure 5.3.2a)

Sample Batch No: 03097 (Make: CDH)

Gas flow rate:
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CO, gas flow rate: 0.666 x 10 m® /s
Air flow rate: 6.0 x 10 m’ /s
Initial loading = 40 kg/m’

Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10 m’

Surfactant: none

Foam height: none

Normality of thiosulfate solution =0.1N

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained | Ca(OH),
in feed prod excessl |in  the| inprod
slurry slurry (v, inprod | beaker slurry Expt | Theory
(kg)x10° ) slurry | (kg)x10° | (Wg) 3
mx10° | (Viy o) (kg) x10
(m’) x10°
300 | 10.0145° | | e | oo 46.06
600 | 10.0087 450 30.8 0.0289 3.5272 | 62.70 | 64.12
900 | 10.0145" | | e 74.27
1200 | 10.0256 230 43.5 0.0279 1.6999 | 82.05 | 80.95
1500 | 10.0145" | | e 85.54
1800 | 10.0276 150 51.2 0.0306 1.0241 | 89.19 | 88.97
2100 | 10.0145° | | e 91.57
2400 | 10.0074 100 65.4 0.0271 0.5667 | 94.00 | 93.48
2700 | 10.0145° | | el 94.90
3000 | 10.0031 50 70.8 0.0289 0.1423 | 98.49 | 95.97

* Average weight of calcium hydroxide

5E .4 Foam-bed reactor

Table 5E.4.1 Effect of superficial gas velocity (3.85 x 107 m/s) on conversion of
hydrated lime (Figure 5.3.2a)
Sample Batch No.: 03097 (Make: CDH)
Gas flow rate:
CO; gas flow rate: 3.33 x 10° m’ /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 40 kg/m’

Volume of solvent in slurry = 2.5 x 10 m’
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Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10°m’

Surfactant: SDS (4000 ppm)

Foam height: 0.4 m

Normality of thiosulfate solution =0.98N

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess [ in | in the | in prod o
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10* | v,) (Vi) | kXIO° | (W)
(m)x10° | (m3) x10° (kg) x10
180 | 10.0444" 24.25
300 | 10.0491 800 310.3 0.0315 5.7413 | 39.51 | 39.97
480 | 10.0444 61.11
600 | 10.0514 400 245.6 0.0304 2.5409 | 7324 | 725
720 | 10.0444 81.12
900 | 10.0185 250 265.8 0.0253 1.1785 | 87.55| 89.21
1200 | 10.0961 160 213.6 0.0196 0.5957 193.76 | 95.56
1500 | 10.0069 100 176.4 0.0195 0.2159 ]97.72 | 98.11

*Average weight of calcium hydroxide

Table 5E.4.2 Effect of superficial gas velocity (5.77 x 10 m/s) on conversion of hydrated
lime (Figure 5.3.2b)

Sample batch no.: 03097 (Make: CDH)

Gas flow rate:
CO, gas flow rate: 0.5 x 10 m’ /s
Air flow rate: 4.5 x 10* m> /s

Initial loading = 40 kg/m’

Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10°® m’

Surfactant: SDS (4000 ppm) Normality of thiosulfate solution =0.098N

Foam height: 0.4 m
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Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excesslin [ in  the | inprod | Expt | Theory
slurry slurry (| prod slurry | beaker slurry
ke)x10° | v) | (V) | kex10® | (W)
3
(mM)x10° | () x10¢ (ke) x10
180 | 10.0444" | —oooees | ceeeeee- - 50.18
300 | 10.0491 380 80.2 0.0197 2.8502 | 70.01 | 69.59
480 | 10.0444" | - 84.17
600 | 10.0514 180 110.8 0.0190 1.0846 | 88.59 | 89.40
720 | 10.0444" | - 92.84
900 | 10.0185 130 120.8 0.0223 0.6346 | 93.30 | 95.83
1200 | 10.0961 100 132.4 0.0180 0.34442 | 96.39 | 98.32
1500 | 10.0069 70 135.3 0.0179 0.0855 199.10 | 99.33

* Average weight of calcium hydroxide

Table 5E.4.3 Effect of superficial gas velocity (7.7 x 102 m/s) on conversion of

hydrated lime (Figure 5.3.2b)

Sample batch no.: 03097 (Make: CDH)

Gas flow rate:
CO; gas flow rate: 0.666 x 10 m’ /s
Air flow rate: 6.0 x 10 m’ /s
Initial loading = 40 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I solution=56.7 x 10°m’

Surfactant: SDS (4000 ppm) Normality of thiosulfate solution =0.98N

Foam height: 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained | Ca(OH),
in feed prod excessI, [in  the | inprod
slurry slurry (v, inprod | beaker slurry Expt | Theory
(kg)x10° ) slurry | (kg)x10° | (Wp)
m)x10° | (Vi) (e)
(m®) x10° X
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180 | 10.0322" |  -oeeee- - 59.19
300 | 10.0039 320 100.8 0.0197 | 22789 |7591 ] 76.01
480 | 10.0322 87.88
600 | 10.0961 150 120.9 0.0190 | 0.7997 [91.62| 92.16
720 | 10.0322° 94.78
900 | 10.0331 100 124.6 0.0223 03727 |96.07 | 97.09
1200 | 10.0272 70 120.9 0.01801 | 0.1381 |98.54| 98.93
1500 | 10.0009 40 80.6 0.0179 | 0.0369 |99.61 | 99.61

* Average weight of calcium hydroxide

5E.5 Bubble-column reactor

Table 5E.5.1 Effect of slurry volume (2.5 x 10 m®) on conversion of hydrated lime
(Figure 5.3.3a)

Sample Batch No: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10*m> /s
Initial loading = 20 kg/m’

Volume of thio solution required for titration against 25 ml I, solution=54.9 x 10°m".

Surfactant: none

Foam height: none

Normality of thiosulfate solution =0.1N

3

Time | Initial Vol of Vol of Mass of | Mass of Percent
(s) | mass of I, Thio sol” | Ca(OH), | unreacted conversion
sample solution req for retained Ca(OH),
in feed | addedto | excess > in | in the | in prod
slurry prod prod slurry | beaker slurry
(kg)x10® | slurry ( (Vo) (kg)x10° | (Wp)
) ) x10° (kg)
(m*)x10 x10 Ex
6 pt | Theory
180 | 5.0046° 41.46
300 5.0052 230 78.9 0.0234 1.6882 | 64.23 | 63.49
480 | 5.0046 81.42
600 5.0092 160 167.8 0.0279 0.7627 | 83.84 | 87.65
720 | 5.0046 91.73
900 5.0054 120 186.4 0.0259 0.8922 | 92.55| 95.28
1200 | 5.0029 80 145.3 0.0196 0.3999 | 96.66 | 98.08
1500 | 5.0004 70 130.3 0.0195 0.3207 9732 ] 99.24
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* Average weight of calcium hydroxide

Table 5E.5.2 Effect of slurry volume (3.5 x 10 m®) on conversion of hydrated lime
(figure 5.3.3a)

Sample Batch No: 03097 (Make: CDH)

Gas flow rate:

CO, gas flow rate: 0.333 x 10 m® /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 28 kg/m’

Volume of thio solution required for titration against 25 ml I, solution=58.6 x 10
3

m.
Surfactant: none Normality of thiosulfate solution =0.1N
Foam height: none
Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10° | v,) (Vo) | X107 | (W)
(m’)x10° | (m?) x10° (kg) x10
300 | 7.0287 | coeeeem | - 27.47
600 | 7.0234 530 70.9 0.0292 42715 |35.53 | 41.28
900 | 7.0287 | ccoeeee | e | el 50.44
1200 7.0086* 370 76.4 0.0339 2.8839 |56.35| 57.06
1500 | 7.0287 | === | —=em--- 62.28
1800 | 7.0964 300 82.1 0.0302 2.2648 | 66.17 | 66.49
2100 | 7.0287 | coeeeem | eeeeee- 70.04
2400 | 7.0053 260 90.7 0.0340 1.8916 | 71.36 | 73.08
2700 | 7.0287" | cseeeem | e 75.73
3000 | 7.0097 190 102.5 0.0299 1.2502 | 81.09 | 78.05

* Average weight of calcium hydroxide

Table 5E.5.3 Effect of slurry volume (5 x 10 m®) on conversion of hydrated lime
(figure 5.3.3a)

Sample Batch No: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s
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Air flow rate: 3.0 x 10 m’ /s
Initial loading = 40 kg/ m’

Volume of thio solution required for titration against 25 ml I, solution=58.6 x 10 m’.
Surfactant: none Normality of thiosulfate solution =0.1N

Foam height: none

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10° VL) (Vi o) (kg)x10® | (W) 3
(m3)X106 (m3) <108 (kg) x10
300 | 10.0353" | —oeeme | e 22.63
600 | 10.0099 850 30.6 0.023593 | 7.1536 | 2439 | 34.17
900 | 10.0353" | —---omm | - 42.78
1200 | 10.0436 670 35.2 0.021405 | 5.5983 | 41.04| 49.21
1500 | 10.0353" |  —mmeeee | e 54.26
1800 | 10.0618 470 43.6 0.020584 | 3.8582 |59.45| 58.48
2100 | 10.0353" | —oooeme | ceeeee 62.06
2400 | 10.0352 380 50.5 0.023319 | 3.0638 | 67.70 | 65.13
2700 | 10.0353" |  —seooes | oo 67.84
3000 | 10.0261 280 55.3 0.019308 | 2.1916 | 76.89 | 70.25

* Average weight of calcium hydroxide
5E.6 Foam-bed reactor

Table 5E.6.1 Effect of slurry volume (2.5 x 10™*m’) on conversion of hydrated lime
(figure 5.3.3b)

Sample batch no.: 03097 (Make: CDH)
Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10*m> /s
Initial loading = 20 kg/m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10° m’
Surfactant: SDS (4000 ppm) Normality of thiosulfate solution =0.98N
Foam height: 0.4 m
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Time | Initial Vol of I, Volof | Mass of | Mass of Percent
(s) | mass of | solution | Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained | Ca(OH),
in feed prod excess I |[in  the| inprod
slurry slurry ( inprod | beaker slurry Expt Theory
(kg)x10° v, slurry | (kg)x10° | (Wp)
(m3)xl 06 (Vth tot ) )((li(g)%
(m’) x10°
180 | 5.0046" | - 41.46
300 | 5.0052 200 78.9 0.0233 1.4305 69.67 63.49
480 | 5.0046" | -—----- 81.42
600 | 5.0092 160 167.8 0.0279 0.7627 83.84 87.65
720 | 5.0046" | ----em- 91.73
900 | 5.0054 130 186.4 0.0259 0.4371 90.73 95.28
1200 | 5.0029 100 145.3 0.0196 0.3293 93.03 98.08
1500 | 5.0004 80 167.8 0.0195 0.0754 98.40 99.24

* Average weight of calcium hydroxide

Table 5E.6.2 Effect of slurry volume (3.5 x 10*m?) on conversion of hydrated lime
(Figure 5.3.3b)
Sample Batch No.: 03097 (Make: CDH)
Gas flow rate:
CO, gas flow rate: 0.333 x 10 m® /s
Air flow rate: 3.0 x 10” m’ /s
Initial loading = 28 kg/ m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10
3

m
Surfactant: SDS (4000 ppm) Normality of thiosulfate solution =0.1004N
Foam height: 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
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in feed prod excess [ in | in the | inprod | Expt | Theory
slurry slurry (| prod slurry | beaker slurry
(kg)x10? VL) (Vi ot (kg)x10° (W5) .
(m*)x10° (m®) x10° (kg) x10
180 | 7.0328 37.20
300 | 7.0089 400 70.2 0.0208 3.1804 |51.96 | 49.88
480 | 7.0328° 61.59
600 | 7.1207 300 73.4 0.0197 | 23097 |65.67| 67.04
720 | 7.0328 71.41
900 | 7.0045 240 80.3 0.0145 1.7690 | 73.29 | 76.62
1200 | 7.0264 170 80.9 0.0196 1.1655 | 82.44 | 82.84
1500 | 7.0034 150 90.7 0.0195 0.9579 |85.52| 87.10

* Average weight of calcium hydroxide

Table 5E.6.3 Effect of slurry volume (5.0 x 10*m®) on conversion of hydrated lime
(figure 5.3.3b)

Sample Batch No.: 03097 (Make: CDH)

Gas flow rate:
CO, gas flow rate: 0.333 x 10% m? /s
Air flow rate: 3.0 x 10 m’ /s

Initial loading = 40 kg/m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10

3
m

Surfactant: SDS (4000 ppm)

Foam height: 0.4 m

Normality of thiosulfate solution =0.1004N

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
in feed prod excess [ in | in the | inprod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
3 3
(kg)x10 v,) (Vi o) | (k&)X10 (W)
’ kg) x10°
(m*)x10° (m’) x10° (ke
180 | 10.0064" | | e 26.48
300 | 10.0011 700 80.7 0.0315 5.7195 |39.45 | 36.38
480 | 10.0064" | | e 47.03
600 | 10.0042 520 90.8 0.0304 4.1363 | 56.23 | 52.18
720 | 10.0064" | | e 56.45
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900 | 10.0120 430 100.3 0.0253 33284 | 64.82 | 61.73
360

1200 | 10.0063 110.5 0.0304 2.6898 | 71.54 | 68.45

1500 | 10.0083 300 120.9 0.0303 2.1365 | 7740 | 73.57

* Average weight of calcium hydroxide

SE.7 Foam-bed reactor
Table 5E.7.1 Effect of foam height (0.2 m) on conversion of hydrated lime (figure
53.4)
Sample batch no.: 03097 (Make: CDH)
Gas flow rate:
CO, gas flow rate: 3.33 x 10° m’ /s
Air flow rate: 3.0 x 10" m® /s
Initial loading = 40 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=58.6 x 10°m’

Surfactant: SDS (4000 ppm) Normality of thiosulfate solution =0.1004N
Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess b in | in  the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10° Vi) (Vi ot (kg)x10° (W5) .
(m*)X10° | (m?) x10° (ke) x10
180 | 10.0231" | —oooooee | ceeeeee- - 18.66
300 | 10.0423 780 50.6 0.0317 6.4824 | 31.65 | 30.45
480 | 10.0231° [ ------- 46.35
600 | 10.0089 500 80.6 0.0294 3.9797 | 5791 | 55.16
720 | 10.0231" | --meee- 62.53
900 | 10.0123 400 90.5 0.0295 3.0889 | 67.34 | 71.16
1200 | 10.0231 320 97.8 0.0301 2.3785 | 74.88 | 80.92
1500 | 10.0287 290 98.3 0.0299 2.1203 | 77.62 | 86.94

* Average weight of calcium hydroxide

Table SE.7.2 Effect of foam height (0.4 m) on conversion of hydrated lime (figure 5.3.4)
Sample batch no: 03097 (Make: CDH)

Gas flow rate:
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Initial loading = 40 kg/ m’

CO;, flow rate: 0.333 x 10* m’ /s

Air flow rate: 3.0 x 10* m® /s

Volume of solvent in slurry = 2.5 x 10* m’

Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10 m’

Surfactant: SDS (4000 ppm)

Normality of thiosulfate solution =0.1004N

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess b in | in  the | inprod -
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10? VL) (Vi o) (kg)x10? (W5) .
(m3)X106 (m3) X106 (kg) x10
180 | 10.0444" 24.25
300 | 10.0491 800 310.3 0.0315 5.7413 | 39.51 | 3997
480 | 10.0444° 61.11
600 | 10.0514 400 245.6 0.0304 2.5409 | 7324 | 725
720 | 10.0444° 81.12
900 | 10.0185 250 265.8 0.0253 1.1785 | 87.55 | 89.21
1200 | 10.0961 160 213.6 0.0196 0.5957 |93.76 | 95.56
1500 | 10.0069 100 176.4 0.0195 0.2159 |97.72 | 98.11

* Average weight of calcium hydroxide

Table 5E.7.3 Effect of foam height (0.6 m) on conversion of hydrated lime (figure

5.3.4)

Sample batch no.: 03097 (Make: CDH)

Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s

Air flow rate: 3.0 x 10# m® /s

Initial loading: 40 kg/m’

Volume of solvent in slurry: 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=58.9 x 10° m

Surfactant: SDS (4000 ppm)

3

Normality of thiosulfate solution =0.1004N
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Time | Initial Vol of I, Volof | Mass of| Massof Percent
(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x 10 v, (Vi ot (kg)x10° (Wn)
(m*)x10° (m’) x10° (kg) x10
180 | 10.0359" | —comeee | oo - 28.51
300 | 10.0548 650 90.3 0.0317 5.2265 | 44.96 | 46.78
480 | 10.0359" | - 70.18
600 | 10.0054 250 110.4 0.0294 1.7343 | 81.65 | 81.36
720 | 10.0359" | - 88.46
900 | 10.0610 120 120.7 0.0295 0.5855 193.84 | 94.31
1200 | 10.0347 90 124.3 0.0301 0.3160 | 96.67 | 98.11
1500 | 10.0240 60 128.0 0.0299 0.0461 | 99.51 | 99.39

* Average weight of calcium hydroxide

5E.8 Foam-bed reactor
Table 5E.8.1 Effect of nature of surfactant (SDS) on conversion of hydrated lime
(figure 5.3.5)

Sample batch no.: MHOM601992 (Make: MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10%m? /s
Air flow rate: 3.0 x 10* m’ /s
Initial loading: 20 kg/m’
Volume of solvent in slurry: 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m
Surfactant concentration: 4000 ppm  Normality of thiosulfate solution =0.1004N

3

Foam height: 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
kex10° | v) | (V,,,) |GexIO® | (W)
(m*)x10° (m’) x10° (kg) x10
30 5.0120 500 50.3 0.0199 3.8749 | 18.07 | 12.20
60 5.0082 430 78.2 0.0207 3.2025 | 32.26 | 25.65
120 | 50114 | e 51.49
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180 | 5.0102 200 100.3 0.0222 12517 | 73.51] 71.20
240 | 5.0114 80.93
300 | 5.0138 110 130.4 0.0232 | 0.4086 |91.36| 86.02
480 | 5.0114" 93.75
600 | 5.0123 80 143.8 0.0209 | 0.1150 |97.57 | 96.26
720 | 5.0114" 97.75
900 | 5.0121 70 150.2 0.0217 | 0.0099 |99.79 | 98.92

* Average weight of calcium hydroxide

Table 5E.8.2 Effect of nature of surfactant (CTAB) on conversion of hydrated lime
(figure 5.3.5)
Sample batch no.: MHOM601992 (Make: MERCK)
Gas flow rate:
CO, gas flow rate: 0.333 x 10 m® /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 20 kg/ m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10

m3

Surfactant concentration: 540 ppm Normality of thiosulfate solution =0.106N

Foam height = 0.4 m

Time | Initial Vol of I, Volof | Mass of| Massof Percent

(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x 10 Vi) (Vi ot (kg)x10° (Ws)

(m*)x10° (m®) x10° (kg) x10

30 5.0098 560 40.9 0.0173 41148 | 13.01 | 10.89
60 5.0273 490 54.3 0.0195 3.4351 | 27.89 | 22.75
120 | 5.0165 45.30
180 | 5.0023 240 69.1 0.0196 1.5609 | 66.93 | 63.50
240 | 5.0415 210 75.3 0.0202 1.3076 | 72.51 | 74.29
300 | 5.0217 190 100.4 0.0193 1.0563 | 77.71 | 80.20
480 | 5.0165 88.97
600 | 5.0076 100 123.8 0.01814 02773 194.13 | 92.21
720 | 5.0165 94 .45
900 | 5.0054 70 122 0.0184 0.0553 | 98.83 | 96.63

* Average weight of calcium hydroxide
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Table 5E.8.3 Effect of nature of surfactant (Triton X 100) on conversion of hydrated
lime (Figure 5.3.5)
Sample batch no.: MHOM601992 (Make: MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10° m’

Surfactant concentration: 960 ppm  Normality of thiosulfate solution =0.1004N

Foam height =0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10° Vi) (Vi o) (kg)x10° | (Wp) .
(m*)x10° (m’) x10° (kg) x10
30 5.0077 600 60.5 0.0247 4.3432 8.10 9.94
60 5.0254 550 76.9 0.0277 3.8971 17.88 | 18.52
120 | 5.0278* | -------- 33.66
180 | 5.0343 400 67.3 0.0183 2.7896 | 41.32 | 45.93
240 | 5.0832 320 100.8 0.0246 2.0472 | 57.34 | 55.13
300 | 5.0128 260 136.4 0.0286 1.4493 16937 | 61.83
480 | 5.0278* | -------- 73.44
600 | 5.0124 170 58.6 0.0284 1.0678 | 77.43 | 77.80
720 | 5.0278* | -------- 80.93
900 | 5.0186 140 123.4 0.0264 0.5842 | 87.67 | 84.37

* Average weight of calcium hydroxide

5E.9 Foam-bed reactor

Table SE.9.1 Effect of concentration of surfactant (SDS) on conversion of hydrated lime
(figure 5.3.6)

Sample batch no.: MHOM601992 (Make: MERCK)

Gas flow rate:

CO, gas flow rate: 3.33 x 10° m’ /s
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Air flow rate: 3.0 x 10 m® /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m’
Concentration of surfactant: 2000 ppm
Normality of thiosulfate solution:0.1004N
Foam height =0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10° Vi) (Vi o) (kg)x10° (Ws) .

m)x10° | (m?) x10° (kg) x10

30 5.0079 520 30.8 0.0228 41099 | 13.10 | 11.47
60 5.0031 450 25.1 0.0318 3.5625 | 24.57 | 23.56
120 | 5.0299° 45.97
180 | 5.0213 230 40.9 0.0218 1.7164 | 63.77 | 63.013
240 | 5.0299° 72.90
300 | 5.0107 150 58.3 0.0289 1.0017 | 78.77 | 78.58
480 | 5.0299" 87.25
600 | 5.0841 90 65.4 0.0225 0.4879 | 89.83 | 90.55
720 | 5.0299° 92.92
900 | 5.0520 50 70.8 0.0223 0.1428 |97.00 | 95.37

* Average weight of calcium hydroxide

Table 5E.9.2 Effect of concentration of surfactant (SDS) on conversion of hydrated lime
(figure 5.3.6)

Sample batch no.: MHOM601992 (Make: MERCK)

Gas flow rate:

CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10* m> /s
Initial loading = 20 kg/m’

Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m’
Concentration of surfactant: 4000 ppm

Normality of thiosulfate solution:0.1004N

Foam height=0.4 m
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Time | Initial Vol of I, Volof | Mass of| Massof Percent

(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excessin [in  the | inprod | Expt | Theory

slurry slurry (| prod slurry | beaker slurry

(@XI0° | v) | (V) |Gex10 | 0K

(m’)x10° | (m®) x10° (kg) x10

30 5.0120 500 50.3 0.0199 3.8749 | 18.07 | 12.20
60 5.0082 430 78.2 0.0207 3.2025 | 32.26 | 25.65
120 | 5.0114" [ e 51.49
180 | 5.0102 200 100.3 0.0222 1.2517 | 73.51 | 71.20
240 | 5.0114° | —meeee 80.93
300 | 5.0138 110 130.4 0.0232 0.4086 | 91.36 | 86.02
480 | 5.0114" | -----ee- 93.75
600 | 5.0123 80 143.8 0.0209 0.1150 | 97.57 | 96.26
720 | 5.0114" | --eoeee- 97.75
900 | 5.0121 70 150.2 0.0217 0.0099 ]99.79 | 98.92

* Average weight of calcium hydroxide

Table 5E.9.3 Effect of concentration of surfactant (SDS) on conversion of hydrated lime
(Figure 5.3.6)
Sample batch no.: MHOM601992 (Make: MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10% m? /s
Air flow rate: 3.0 x 10* m’ /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m’
Concentration of surfactant: 8000 ppm Normality of thiosulfate solution:0.1004N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),

in feed prod excess bin [ in  the | inprod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
3 -3
(kg)x10 v,) (Vth o ) x10 (Wp)
’ (kg) (kg) x10°

(m)x10° | (m?) x10°

30 5.0187 470 40.8 0.0309 3.6665 |2243 | 13.01
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60 | 5.0153 400 56.3 0.0279 3.0402 |[35.65] 27.30
120 | 5.0174 54.53
180 | 5.0176 150 63.7 0.0302 09817 |7922] 73.99
240 | 5.0174 82.81
300 | 5.0184 100 70.4 0.0189 0.5505 | 88.35| 87.59
480 | 5.0174" 94.82
600 | 5.0164 60 76.8 0.0291 02018 |95.73 | 97.05
720 | 5.0174" 98.30
900 | 5.0181 40 80.6 0.0290 0.0251 |99.47 | 99.25

* Average weight of calcium hydroxide

Table 5E.9.4 Effect of concentration of surfactant (SDS) on conversion of hydrated

lime (Figure 5.3.6)

Sample batch no.: MHOM601992 (Make: MERCK)

Gas flow rate:
CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10# m® /s

Initial loading = 20 kg/m’

Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m

3

Concentration of surfactant: 16000 ppm Normality of thiosulfate solution:0.1004N

Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry | Expt | Theory

(kg)x10° v, (Vo) |G x10° | (Wp)

> o 3
(m*)x10° (m®) x10° (kg) x10
30 5.0079 550 50.2 0.0228 4.2815 9.27 | 10.56
60 5.0031 480 30.4 0.0318 3.7865 | 19.59 | 20.65
120 | 5.0298" 38.74
180 | 5.0753 300 40.9 0.0218 22851 | 5227 ] 52.90
240 | 5.0298 62.61
300 | 5.0135 230 74.8 0.0289 1.5903 | 6632 | 69.04
480 | 5.0298" 79.33
600 | 5.0114 150 98.5 0.0225 0.8522 | 81.97 | 83.10
720 | 5.0298 85.90
900 | 5.0678 90 60.4 0.0223 0.5065 | 89.40 | 89.03
* Average weight of calcium hydroxide
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5E.10 Foam-bed reactor

Table 5E.10.1 Effect of concentration of surfactant (CTAB) on conversion of
hydrated lime (Figure 5.3.7)
Sample batch no.: MHOM601992 (Make: MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10% m? /s
Air flow rate: 3.0 x 10* m’ /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m’
Concentration of surfactant: 200 ppm  Normality of thiosulfate solution:0.106N

Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess bin | in  the | inprod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10’ Vi) (Vo) | & x10° | (Wp) .

m)x10° | (m® x10° (kg) x10

30 5.0465 600 70.4 0.0247 4.3043 9.52 10.17
60 5.0003 530 77.9 0.0277 3.7404 | 20.60 | 19.58
120 | 5.0384" | e 36.38
180 | 5.0643 390 100.2 0.0183 2.5840 |45.95| 49.81
240 | 5.0326 290 80.4 0.0246 1.8983 |59.99 | 59.40
300 | 5.0306 230 98.5 0.0286 1.3691 | 71.11 | 66.07
480 | 5.0384 | oo 76.95
600 | 5.0316 180 111.3 0.0284 0.9371 80.23 | 80.97
720 | 5.0384 | --mmee- 83.88
900 | 5.0631 110 123.6 0.0264 0.3544 |92.58 | 87.14

* Average weight of calcium hydroxide

Table SE.10.2 Effect of concentration of surfactant (CTAB) on conversion of hydrated
lime (Figure 5.3.7)
Sample batch no.: MHOM601992 (MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10 m? /s
Air flow rate: 3.0 x 10” m® /s

Initial loading = 20 kg/m’
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Volume of solvent in slurry = 2.5 x 10 m’

Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10° m’
Concentration of surfactant: 540 ppm  Normality of thiosulfate solution:0.106N
Foam height = 0.4 m

Time | Initial Vol of I, Volof | Mass of| Massof Percent

(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10’ v, (Vo) | &9 x10° | (Wp) .

(m*)x10° (m®) x10° (kg) x10

30 5.0098 560 40.9 0.01726 41148 | 13.01 | 10.89
60 5.0273 490 54.3 0.0195 3.4351 | 27.89 | 22.75
120 | 5.0165 45.31
180 | 5.0023 240 69.1 0.0196 1.5609 | 66.93 | 63.50
240 | 5.0415 210 75.3 0.0202 1.3076 | 72.51 | 74.30
300 | 5.0217 190 100.4 0.0193 1.0563 | 77.71 | 80.21
480 | 5.0165° 88.98
600 | 5.0076 100 123.8 0.01814 02773 | 94.13 | 9222
720 | 5.0165 94.45
900 | 5.0054 70 122 0.0184 0.0553 ] 98.83 | 96.63

* Average weight of calcium hydroxide
Table SE.10.3 Effect of concentration of surfactant (CTAB) on conversion of hydrated
lime (Figure 5.3.7)
Sample batch no.: MHOM601992 (MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10%m? /s
Air flow rate: 3.0 x 10* m’ /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10 m’
Concentration of surfactant: 1000 ppm  Normality of thiosulfate solution:0.106N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
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in feed prod excess [ in | in the | inprod | Expt | Theory

slurry slurry (| prod slurry | beaker slurry

(kg)x10? Vi) (Vo) | & x10° | (Wp) .

(m*)X10° | (m?) x10° (ke) %10
550 50.2

30 5.0098 0.0198 43775 7.40 9.54
60 5.0285* 550 78.6 0.0182 3.8904 18.04 | 17.10
120 | 5.0198 | ---——---- 30.32
180 5.0024 420 118.1 0.0189 2.7427 4191 | 41.31
240 5.0005 320 67.4 0.0187 2.1784 53.85 | 50.01
300 5.0296 280 74.8 0.0191 2.2851 57772 | 56.67
480 | 5.0198 | ------- 69.07
600 5.0027 190 93.4 0.0180 1.0838 77.05 | 73.86
720 | 5.0198" | - 77.33
900 5.0654 110 97.0 0.0175 0.4589 90.41 | 81.09

* Average weight of calcium hydroxide

Table 5E.10.4 Effect of concentration of surfactant (CTAB) on conversion of hydrated

lime (Figure 5.3.7)

Sample batch no.: MHOM601992 (MERCK)

Gas flow rate:
CO, gas flow rate: 0.333 x 10 m® /s
Air flow rate: 3.0 x 10” m’ /s

Initial loading = 20 kg/m’

Volume of solvent in slurry = 2.5 x 10 m’
3

Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10° m
Concentration of surfactant: 1620 ppm Normality of thiosulfate solution:0.106N

Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(kg)x10° Vi) (Vo) | & x10° | (W) .
(m3)X106 (m3) X106 (kg) x10
30 5.0062 610 50.4 0.0247 4.4592 5.66 8.84
60 5.0128 550 65.0 0.0277 3.9438 16.66 | 14.38
120 | 5.0095" | --mmee- 23.96
180 | 5.0325 470 76.4 0.0183 3.2883 | 30.76 | 32.33
240 | 5.0083 430 87.9 0.0246 2.9377 |37.86 | 39.53
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300 | 5.0027 400 90.5 0.0286 | 2.6984 |42.87| 45.63
480 | 5.0095 | mmmmmmm | e | e | e | 58.64
600 | 5.0015 290 93.4 0.0284 1.7279 |1 63.39 | 64.38
2 R N T e e e 68.62
900 | 5.0024 190 100.2 0.0264 1.0571 |77.61| 73.27

* Average weight of calcium hydroxide
5E.11 Foam-bed reactor

Table SE.11.1 Effect of concentration of surfactant (Triton-X 100) on conversion of

hydrated lime (figure 5.3.8)

Sample batch no.: MHOM601992 (MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10% m? /s
Air flow rate: 3.0 x 10" m® /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10° m’
Concentration of surfactant: 320 ppm  Normality of thiosulfate solution:0.106N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10° Vi) (Vo) | &2 x10° | (W) .

(m*)x10° (m’) x10° (kg) x10

30 5.0087 610 65.4 0.0187 4.4003 6.92 8.69
60 5.0205 590 96.3 0.0188 4.1263 12.92 | 13.84
120 | 5.015 22.74
180 | 5.0253 480 87.9 0.0190 3.3194 |30.01 | 30.59
240 | 5.0012 430 120.5 0.0187 2.8097 |40.48 | 37.43
300 | 5.0143 400 119.0 0.0189 2.5865 |4535| 43.32
480 | 5.015 56.27
600 | 5.0178 290 108.5 0.0192 1.7879 | 62.25 | 62.11
720 | 5.015 66.55
900 | 5.0172 190 90.6 0.0169 1.0948 | 76.89 | 71.39

* Average weight of calcium hydroxide
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Table 5E.11.2 Effect of concentration of surfactant (Triton X 100) on conversion of
hydrated lime (figure 5.3.8)
Sample batch no.: MHOM601992 (MERCK)
Gas flow rate:
CO, gas flow rate: 0.333 x 10 m® /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 20 kg/ m’
Volume of solvent in slurry = 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10
o’

Concentration of surfactant: 960 ppm Normality of thiosulfate solution:0.1004N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol” | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10° v, (Vo) | &9 x10° | (Wp) .

(m*)x10° (m®) x10° (kg) x10

30 5.0077 600 60.5 0.0247 4.3432 8.10 9.94
60 5.0254 550 76.9 0.0277 3.8971 17.88 | 18.52
120 | 5.0278 | e 33.66
180 | 5.0343 400 67.3 0.0183 2.7896 | 41.31 | 45.93
240 | 5.0832 320 100.8 0.0246 2.0472 | 57.34 | 55.13
300 | 5.0128 260 136.4 0.0286 1.4493 |69.37 | 61.83
480 | 5.0278" | —-eeoee- 73.44
600 | 5.0124 170 58.6 0.0284 1.0678 | 77.44 | 77.80
720 | 5.0278" | --meeee- 80.93
900 | 5.0186 140 123.4 0.0264 0.5842 | 87.67 | 84.37

* Average weight of calcium hydroxide

Table 5E.11.3 Effect of concentration of surfactant (Triton X 100) on conversion of

hydrated lime (figure 5.3.8)

Sample batch no.: MHOM601992 (MERCK)

Gas flow rate:
CO; gas flow rate: 0.333 x 10 m? /s
Air flow rate: 3.0 x 10* m’ /s

Initial loading = 20 kg/m’
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Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10° m’
Concentration of surfactant: 2400 ppm Normality of thiosulfate solution: 0.1004N

Foam height = 0.4 m

Time | Initial Vol of I, Volof | Mass of | Mass of Percent

(s) | mass of | solution | Thiosol" | Ca(OH), | unreacted conversion

sample added to req for | retained | Ca(OH),

in feed prod excess I |in  the| inprod

slurry slurry ( in prod | beaker slurry Expt | Theory

kex10 | v) | sumy | (ke) (W)

(m3)x 1 06 (Vth tot ) x10 (li(g)%
(m®) x10° X

30 5.0135 550 50.2 0.0198 4.2815 9.47 9.54
60 5.0174 460 30.4 0.0182 3.6240 23.26 17.10
120 | 5.0138" 30.32
180 | 5.0197 290 40.9 0.0189 2.2038 5345 | 41.31
240 | 5.0192 230 74.8 0.0187 1.5903 66.36 50.01
300 | 5.0168 210 98.5 0.0191 1.3397 71.69 56.67
480 | 5.0138 69.07
600 | 5.0071 120 60.4 0.0180 0.7502 84.11 73.86
720 | 5.0138 77.33
900 | 5.0029 90 60.4 0.0175 0.5065 89.26 81.09

* Average weight of calcium hydroxide

Table 5E.11.4 Effect of concentration of surfactant (Triton-X 100) on conversion of
hydrated lime (figure 5.3.8)
Sample batch no.: MHOM601992 (MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=48.6 x 10° m’
Concentration of surfactant: 4800 ppm

Normality of thiosulfate solution: 0.1004N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution | Thiosol" | Ca(OH), | unreacted conversion
sample added to req for | retained | Ca(OH),
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in feed prod excess, |in  the| inprod Expt Theory

slurry slurry ( inprod | beaker slurry

(kg)x10° Vi) sturry | (kg) (W)

(1’1’13)X 1 06 (Vth Jtot ) x10 (kg%
(m®) x10° x10

30 5.0563 560 50.2 0.0174 4.3628 8.5390 8.19
60 5.0236* 520 30.4 0.0177 4.1114 | 13.0508 | 12.20
120 | 5.0372 26.1288 | 19.10
180 | 5.0283 450 40.9 0.0178 3.5037 | 32.1918 | 25.36
240 | 5.0342 430 74.8 0.0181 3.2151 | 39.0402 | 31.03
300 | 5.0150 400 98.5 0.0192 2.8832 | 56.8356 | 36.12
480 | 5.0372° 68.5179 | 48.33
600 | 5.0356 280 60.4 0.0189 2.0501 8.5390 | 54.35
720 | 5.0372° | ---ee- 13.0508 | 59.13
900 | 5.0675 210 54.2 0.0176 1.5044 | 26.1288 | 64.68

*Average weight of calcium hydroxide

5E.12 Foam-bed reactor
Table 5E.12.1 Effect of concentration of CO, gas (10%) on conversion of hydrated lime
(figure 5.3.9)
Sample batch no.: MHOM601992 (MERCK)
Gas flow rate:
CO; gas flow rate: 0.333 x 10 m’ /s
Air flow rate: 3.0 x 10" m’ /s
Initial loading = 20 kg/ m’
Volume of solvent in slurry = 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10" m’
Concentration of surfactant: SDS (4000 ppm)
Normality of thiosulfate solution: 0.1004N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for | retained Ca(OH),
in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory
(10" | v) | (V,,,) |Gex10" ] 0K
(m3)X106 (m3) <108 (kg) x10
30 5.0120 530 50.3 0.0199 41187 1334 ] 12.99
60 5.0082 480 78.2 0.0207 3.6087 | 24.03 | 25.314
90 | 5.0114 | cccmeoee | coeeeen 37.017
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180 | 5.0102 210 100.3 0.0222 13330 | 71.94 | 63.83
240 | 5.0114 74.40
300 | 5.0138 150 130.4 0.0232 | 0.7335 |84.57| 81.40
480 | 5.0114" 92.16
600 | 5.0123 100 143.8 0.0209 | 02775 |94.16 | 9538
720 | 5.0114" 97.22
900 | 5.0121 70 150.2 0.0217 | 0.0099 [99.79 | 98.73

* Average weight of calcium hydroxide

Table 5E.12.2 Effect of concentration of CO; gas (25%) on conversion of hydrated lime
(Figure 5.3.9)
Sample batch no.:
Gas flow rate:
CO; gas flow rate: 0.833 x 10 m’ /s
Air flow rate: 2.5 x 10 m’ /s
Initial loading = 20 kg/m’
Volume of solvent in slurry = 2.5 x 10 m’
Volume of thio solution required for titration against 25 ml I, solution=48.9 x 10° m’
Concentration of surfactant: SDS (4000 ppm)
Normality of thiosulfate solution: 0.1004N
Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent
(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion
sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod
slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10’ Vi) (Vo) | &9 x10° | (Wp) 3

(m3)X106 (m3) <106 (kg) x10
30 | 5.0074 500 34.6 0.0174 | 3.5093 |26.17 | 18.30
60 | 5.0136 400 43.2 0.0265 | 2.7497 |42.11| 36.04
90 | 5.0115 52.25
180 | 5.0253 150 57.7 0.0176 | 0.8768 |81.62| 82.45
240 | 5.0115 90.48
300 | 5.0134 90 80.6 0.0247 | 0.3550 |92.53 | 94.66
480 | 5.0115° 98.97
600 | 5.0014 60 110.4 0.0182 | 0.0259 |99.45 | 99.66
720 | 5.0115° 99.90
900 | 5.0078 45 85.3 0.0274 | 0.0101 |99.79 | 99.99

* Average weight of calcium hydroxide
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Table 5E.12.3 Effect of concentration of CO, gas (50%) on conversion of hydrated lime
(Figure 5.3.9)
Sample batch no.:
Gas flow rate:
CO, gas flow rate: 1.6667 x 10 m’ /s
Air flow rate: 1.6667 x 10 m’ /s
Initial loading = 20 kg/ m’
Volume of solvent in slurry = 2.5 x 10* m’
Volume of thio solution required for titration against 25 ml I, solution=54.6 x 10
o’
Normality of thiosulfate solution: 0.1004N
Concentration of surfactant: SDS (4000 ppm)

Foam height = 0.4 m

Time | Initial Vol of I, Vol of Mass of | Mass of Percent

(s) | mass of | solution Thio sol" | Ca(OH), | unreacted conversion

sample added to req for retained Ca(OH),

in feed prod excess [ in | in the | in prod

slurry slurry (| prod slurry | beaker slurry Expt | Theory

(kg)x10? Vi) (Vo) | &9 x10° | (W) .

(m*)x10° (m®) x10° (kg) x10

30 5.0179 400 58.4 0.0213 3.0324 | 36.28 | 33.54
60 5.0131 250 65.8 0.0216 1.7863 | 62.43 | 60.19
90 | 5.0129 " | -meeeee- 75.96
180 | 5.0053 90 90.4 0.0218 0.3949 |91.68 | 93.35
240 | 5.0129" | --eee- 96.87
300 | 5.0134 40 70.5 0.0188 0.0627 | 98.68 | 98.55
480 | 5.0129" | ------ 99.87
600 | 5.0104 35 65.2 0.0225 0.0418 ]99.12 | 99.98
720 | 5.0129 " | e 99.99
900 | 5.0178 30 62.1 0.0223 0.0127 ]99.73 100

* Average weight of calcium hydroxide
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Notation

Substance A, present in gas phase as well as dissolved in liquid
Thickness of aliquid-foam, m

Thickness of half-film in subsections 1,2,3,.., and m respectively, m
Cross section area of column, m’

Theinterfacial area per unit volume of gas-liquid dispersion, m’ m™

Interfacial Areaper bubble, m’ m™

Surface area of particles, m” m™

Areaof al the bubblesin dispersion, m’
Total interfacial areain the column, m’
Total interfacial areain the storage section, m’

Cross sectional area of the glass tube of the water manometer in the
manometric apparatus, m’

Substance B, present in solution/durry as dissolved aswell as
dissolving particles

Constant, defined in equation (2.26)

Bulk concentration of A, k mol m™

Concentration of dissolved 4 in the liquid at any time ¢, kmol m™
Initial concentration of reactant 4 dissolved in liquid in the (feed), kg
m'3, k mol m™

Concentration of reactant A in the foam film at position xand any

contact time ¢,

Concentration of dissolved 4 in the storage section at any timet, k& mol
s

Concentration of reactant A in the drainage stream from foam to
storage section, k mol m™

Interfacial concentration of 4 in the liquid phase, k mol m™

Concentration of dissolved A in the drainage stream from foam to

storage section, k mol m™
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Cp Concentration of B intheliquid film (for NaOH +lean CO, gas
system), kmol m™

C, Average concentration of component 4, k mol m™

C, Initial concentration of reactant B in liquid phase , k mol m™

C, Bulk concentration of B, k mol m™

Csi Concentration of B at the solid-liquid interface in the liquid phase, &
mol m™

C,, Mean concentration of NaOH, k mol m™

Cps Concentration of component B in the storage section , k mol m™

c: Solubility of component B in water, k mol m™

Cyo Initial concentration of reactant B dissolved in liquid in the (feed), kg

m'3, k mol m”
Cyy. Cyy Concentration of reactant B in the drainage stream at any timet for
gas-liquid/gas-liquid-solid system, k mol m™
Ca)r Ch(@t) Total (dissolved in liquid as well as undissolved particles) loading of
B per unit volume of solvent at any time ¢, k mol m™

Cy0) Cr(0) Initial total loading of B per unit volume of solvent, k mol m™

C, Concentration of surfactant, ppm
D Diameter, m
D, Diffusivity of species 4 in liquid phase, m’ s-’
D, Diffusivity of species B in liquid phase, m” s-’
D¢ Diffusivity of gas, m” s-'
d,, Average diameter of initial spherical bubble, m
d, Diameter of foam column, m
d, Diameter of holes on the gas distributor plate, m
d, Average diameter of the particlein slurry, m
d, Instantaneous value of particle diameter in the k" size fraction in
dlurry, m
d 1o Initial diameter of particlesin the k" size fraction in slurry, m
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d Sauter mean bubble diameter at a given height in the foam section, m

E Foam-expansion ratio, dimensionless

E I nstantaneous value of enhancement factor for gas absorption with
chemical reaction, dimensionless

E Average value of enhancement factor for gas absorption with chemical

reaction, dimensionless

E. Excess concentration at the surface, k mol m™
f Friction factor for foam flow through a pipe, dimensionless
g Acceleration due to gravity, m s~
H Henry’slaw solubility coefficient for solution containing ions,
H, Hatta number
h Height of liquid in the storage section, m
Hy Height of foam, m
Hy Henry’s law solubility coefficient for water containing ions,
h, Initial height of liquid in the storage section, m
h, Height of dispersion, m
h, Differential height in manometer, m
H, Depth from top of foam, m
H, Number of holesin distributor plate, dimensionless
h Sum of positive , negative and gas species ions
1 lonic strength
K aconstant defined in equation (2.3)
k. Gas phase mass transfer coefficient, m s~
K Overall liquid phase mass transfer coefficient, m s
k, Second order reaction rate constant, m’ kmol s’
ka,k, Liquid phase mass transfer coefficient, m s
k? Physical liquid phase mass transfer coefficient, m s
ke, Gas phase mass transfer coefficient, k mol m™. Pa. S
k, Gas liquid mass transfer coefficient with chemical reaction, m s
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k Gas liquid mass transfer coefficient in presence of surface resistance
and chemical reaction, m s™

k, Solid- liquid mass transfer coefficient, m s~

Molecular weight of component B, kg (kg mol)”

m? (0) Initial total loading of unreacted B per unit volume of solvent, kg m’
m? (f) Total loading of unreacted B at any timet, kg m’

N Normality of standard solution

Ny Molar flux of component 4 absorbed per unit gas-liquid interfacial
area per unit time, kmol m ™ s’

N, Average molar flux of component 4 absorbed per unit gas-liquid

interfacial areaper unit time, kmol m™ s

n,, Number of bubblesin the dispersion at any time in bubble column
Ry abs Moles of A absorbed per unit time
Np s Moles of B absorbed per unit time
n Number of particlesin the k" size fraction per unit volume of slurry,
m3
P, Bulk pressure of component A, atm
P, Partial pressure of component A, atm
it et Partial pressure of component A inlet, atm
i o Partial pressure of component A exit, atm
P Pressure of carbon dioxide gasin the reference cell at any timez, N m’
2
" Initial pressure of carbon dioxide gas in the reference cell N m™
P Pressure of gasa NTP, N m™
Ap pressure drop, N m™
Ap, Pressure drop due to the dry plate, N m™ per plate
Ap, Pressure drop due to foam, N m™ per plate
Qu Total flow rate of draining liquid from foam into storage section, m” s

0.,0,  Flowrateof gasinto the storage section, m’ s
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Fractional reduction in the uptake rate produced by the surfactant film
in the absorption cell, dimensionless

The stoichiometric factor for overall reaction
Average radius of bubble, m
Radius of foam column, m

Gas constant, (kg . m?) (s°. k mol. 1K)
Reynolds number, dimensionless

The fractiona rate of surface renewal

Schmidt number, dimensionless

Sherwood number, dimensionless

Time, s/

Time of operation of the foam-bed contactor, s

Time of gas absorption in the absorption cell, s
Gas-liquid contact time in foam section, s

Contact time, s

Gas-liquid contact time in storage section, s
Time of foam drainage, s

Temperature at which experiments were conducted, (1K

Temperature of gasat NTP, [1K

Uptake rate of gasin liquid in the absorption cell in presence of
surface film at the gas pressure P,, m’ s

Uptake rate of gasin liquid in the absorption cell without any surface
film at the gas pressure P, m’ s’

Uptake rate of gasin absorption cell in time ‘¢,” seconds, m’

Linear velocity of foam , m s

gas velocity through orifices, m s™
Rise velocity of single gas bubbles in the storage section, m s
Rise velocity of swarm of gas bubbles in the storage section, m s™

Volume of slurry/liquid in storage section, m’
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b“ Q‘ Q‘ w
o > o 8

X
o

N

7

[,store
Vi
Vth

Volume of gasin the absorption cell at any time ¢,, m’
Initial volume of gasin the absorption cell, m®

Volume of gas absorbed in the absorption cell in time z,, m’
Volume of single bubble, m’

Volume of the liquid drained from static foamintime s, , m’

Total volume of solvent in solution/slurry, m’
Total volume of gasin the dispersion, m’
Superficia velocity of gas, m s

Volume of slurry in the foam section, m’

Initial total volume of liquid contained in foam, m’
Molar volume of gas at temperature and pressure of experiment, m’ (k
mol)”!

Molar volume of gasat NTP, m’ (k mol)”!

Volume of aparticle in the ¥” size fraction at any time ‘¢’ in the
storage section, m’

Volume of aparticlein the " size fraction at any time ‘¢’ in the
drainage stream from foam section, m’

Volume of gasin the reference cell at any time #,, m’
Initial volume of gasin the reference cell, m’

Volume of slurry charged into the bubble column or foam bed reactor,
3
m

Volume of liquid in the storage section, m’

Terminal velocity of asingle bubble m s

Volume of thiosul phate solution needed for standardization of 2.5 x
10° m® iodine solution,

Volume of thiosulphate required to neutralize iodine solution
having a volume equal to that added per 2.5 x 10° m? solution of

lime sample, m’
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th,s
th tot

thio

(WB )storage JAt

Volume of thiosulphate solution required to neutralize excess iodine
presentin 2.0x 10° m*solutionof lime, m’

Total volume of thiosulphate solution required for titration of 2.0 x 10
® m®of product slurry, m’

Volume of thiosulphate solution, m’

Rate of consumption of B, total moles of B reacted over contact time,
At
Mass of hydrated lime present per unit volume of slurry, kg

Percentage conversion of NaOH/Ca(OH),, dimensionless

Greek letters

g

&

&, &

Po
P
Ps
Psi

'ueff

Average gas holdup

Gas holdup

Liquid hold up

Solubility coefficient of carbon dioxide gasin water, m*/N

Film thickness, m

Surface tension, N m™

Pseudo-first order kinetic rate constant for the reaction, s*

Density of component B, kg m™
Density of foam, kg m™

Density of gas, kg m™

Density of liquid, kg m™

Density of pure solvent, kg m™
Density of manometer liquid, kg m™
Density of calcium carbonate, kg m™
Density of slurry, kg m™

Effective viscosity, kg m™s™
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1, viscosity of gas, kg m™'s™

4, viscosity of liquid, kg m™s™
0 Time of exposure of liquid elements on the surface of a bubble for
absorption, s
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