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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 CO2 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 CO2 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, 

(i) 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 CO2 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 CO2 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 CO2. 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 CO2 (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-à-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 CO2 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% w/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 CO2 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 CO2 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 CO2 

gas. Interfacial concentration of CO2 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 CO2 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 CaCO3 (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 CaCO3. 

Particle-size distributions (PSDs) of reactant Ca(OH)2 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 CO2 gas on conversion of lime has been studied by varying 

the CO2 concentration from 10 to 50 percent by volume. Rates of absorption of CO2 gas 

in hydrated lime slurry and the reaction rates are enhanced significantly with the increase 

in concentration of CO2 in the feed gas mixture, the equilibrium interface concentration of 

dissolved CO2 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 as CO2 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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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 ( l ≤ 0.1) than that in froth ( l ≈ 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–liquid 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:  

i. 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 µm 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 CO2 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 CO2 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)2 and 

liquid hold-up is important. The two systems chosen are absorption of CO2 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 CO2 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 CO2 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)2 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 

CO2 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 5E 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 various 

investigators, is presented first. 

2.1 Carbonation of hydrated lime in 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 CO2 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)2  (s)  Ca2+ (aq) + 2 OH- (aq)                                                              (2.1.i) 

CO2 (g)   CO2  (aq)                                                                     (2.1.ii) 

CO2 (aq) +OH- (aq)  HCO3
- (aq)                                                                      (2.1.iii) 

HCO3
- (aq) + OH- (aq)  H2O + CO3

2- (aq)                                                       (2.1.iv) 

Ca2+ (aq) + CO3
2- (aq)  CaCO3 (s)                                                                    (2.1.v) 

The overall reaction is  

Ca(OH)2 + CO2 → CaCO3 + H2O 

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 CaCO3 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 

CO2 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 A 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 m2/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 
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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 CO2 in the inlet gas 

mixture was 5-10% by volume for carbonation of 5 % Ca(OH)2 suspension. They 

proposed the following correlation for interfacial area estimation: 
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In equation (2.2), a is the interfacial area, m2/m3; D is the vessel diameter, m; l , the 

density of liquid suspension; ε, the gas hold-up; σ, the surface tension of liquid. eff is 

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

  140  n
Geff VK                                                                                                 (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 CaCO3 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)2 slurry was pumped to the top 

of the packed bed and the Ca(OH)2/CaCO3 slurry was recirculated  till completion of 

carbonation reaction (pH = 7). They controlled the size of CaCO3 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)2  

was changed from 34.5 to 84.0 kg/m3. There is however no mention of the initial 

particle size of Ca(OH)2 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 CaCO3. Coarse particles with films of Ca(OH)2 slurry on their surfaces 

were fluidized with hot gas containing CO2.  Fine particles of CaCO3 formed got dried 

and detached from the surface of larger particles. Average size of CaCO3 particles 

produced was around 1 μm. 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 ( 0bd ), 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 ( lk ), specific gas-liquid interfacial area ( ba ), 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, db0, 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 ( GV ) and column 

diameter ( cd ) as shown in Table 2.1. 

Table 2.1 Flow regimes in a bubble column. 

S. N. Flow regime Range of VG or dc Remarks 

1. Homogeneous 

or, bubbly flow 

VG <0.05 m/s, dc 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 

VG depends on dc, hd, d0 

and physical properties 

of gas and liquid.  

Critical gas hold-up depends on  

hd / dc and d0. 

3. Heterogeneous 

or churn- 

turbulent flow 

VG > 0.05 m/s, dc > 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 dc < 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 SO2 

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 SO2, 

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 

Type of 

reactor 

Sp.interfa-

cial area,  

‘ab’,m
2/m3 

Time of 

contact, 

‘t, tc’, s 

Liquid 

hold-up, 

‘ l ’    

Pressure 

drop, 

‘∆p’, 

(N/m2)/m 

‘klab’  

(s-1) x 102 

 

System used 

for estimation 

of  ‘ab’ and 

 ‘klab’ 

Foam-

bed 

reactor 

1105-2645 

[Shah and 

Mahalingam, 

1984]  

  

20-55 

[Shah and 

Mahaling

am, 1984] 

 

 

<0.06 

[Shah and 

Mahalinga

m, 1984]  

  

100-480

[Shah 

and 

Mahaling

am, 

1984]  

  

4-23  

[Shah and 

Mahalinga

m, 1984]  

  

CO2-   

Na2CO3+ 

NaHCO3 and 

CO2 -NaOH  

[Shah and 

Mahalingam, 

1984]  

 

Bubble 

column 

100-1000 

[Sharma and 

Danckwerts, 

1970] 

22-36 b 

[Akita 

and 

Yoshida, 

1973], 

[Perry, 

1987] 

0.72-0.98 

[Shih et.al., 

1999] 

626-2217 

[Lee et. 

al., 1999] 

3.5-16 

[Mashelka

r, 1970] 

CO2- NaOH/ 

KOH/ aq. amine 

and O2 - 

dithionite soln. 

[Sharma and 

Danckwerts, 

1970], SO3
= 

oxidn in aq. 

soln.[Mashelkar, 

1970] 

Packed 

column 

(counter ) 

20-350 

[Sharma and 

Gupta, 1967] 

2.9-7.9b  

[Perrin et. 

al., 2002] 

0.08 

[Westerterp 

et. al., 

1963] 

200-400 

[Tsuge, 

et.al.,198

7] 

0.11-11.1 

[Zurakows

ki and 

Glaser, 

1965] 

CO2-

NaOH/KOH/M

EA, 

O2-aq. dithionite  

[Sharma and 

Gupta, 

1967],CO2-

NaOH 

[Zurakowski 

and Glaser, 

1965] 

Mechanic 314-1810 0.70-1.92b 0.78-0.93 ----------- 7.17-25.3 O2 desorption 
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ally 

agitated 

bubble 

reactor 

[Robinson 

and Wilke, 

1974], 70-

2300 [Xie et. 

al., 2004] 

[Calderba

nk,1958] 

 

[Kawecki 

et. al.,1967]

[Robinson 

and 

Wilke, 

1974] 

and CO2 

absorption  in 

KOH-K2CO3 

[Robinson and 

Wilke, 1974], 

CO2-NaOH in 

aq. glycerine 

[Xie et. al., 

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.   

2.4 FOAMS 

2.4.1 Importance of Foams in 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 CO2 liberated by decomposition of MgCO3.(NH4)2CO3.4H2O 

with H2SO4 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 (τ0) and that 

the shear characteristics (-dvy/dx vs τ ) 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 














 

dc

d

RT

C
Ecs


                                                                                                 (2.4)                         

Where, Ecs is the excess concentration at the surface, C is the bulk concentration of 

solute and dγ/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 (ΔA): 

  AW                                                                                                                 (2.5) 

Where, γ is the surface tension of the liquid. 
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Excess pressure in a foam bubble 

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

the thermodynamic equation  

0

2

br
P


                                                                                                                    (2.6) 

Where, ΔP is the excess pressure, γ is the surface tension of the liquid in the bubble 

wall and 0br  is the radius of the bubble. The pressure is therefore inversely 

proportional to the bubble size. In a foam matrix, where γ 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): 

(i) 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 
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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 
sulphate 

(i) Lauryl alcohol Sharma et al. 
(1988) 

Dodecyl 
Benzene 
sulfonate         

N,N- bis (hydroxyethyl) lauramide  
 
Rosen, M. J. 
(1978)  

N,N dimethyl dodecyl amine oxide 

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 1-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 CO2 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 CO2 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, Vb, 

whereas for a single pentagonal film of a foam bubble the volume of gas pocket 

available was assumed to be Vb/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. Na2S, 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  Gas absorption 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-CO2 (Biswas and Kumar, 1981); O2-

Na2S (Bhaskarwar and Kumar, 1984); BaS-CO2 (Gaikwad et al., 2010); O2-Na2S2O6 

(Varshney et al., 2003); Ca(OH)2-CO2 (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 A 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 t=0) 

concentration of the species and no flux through the central plane of the film, the latter 

being symmetrical and same interfacial concentration of A 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 Na2S. 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 Drainage rate 

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: 

dtc

f

d e
V

V 11
0

                                                                                                           (2.7)  

, where  1c  is an empirical constant. Vd and Vf0 are the liquid drained in time td 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: 

    ddfdf tccVVcVV .log. 43020                                                                    (2.8)  

Jacobi et al. (1956) proposed an equation with two constants in the form:  
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V                                                                                         (2.9) 

It is observed that when td→ , 5.0
5 )1( dtc = 0 and Vd = Vf0. Thus, 
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The above equation, therefore, reduces to the one-parameter equation as: 

])1(1[ 5.0
50

 dfd tcVV                                                                                       (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 TH from the top of the foam column after time dt  seconds of the start of 

drainage 

 dlTl tgHa  /4 2                                                                                                 (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   Pressure drop 

 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, HCl etc. and CO2 were used for 

generation of stable foam column.  Correlations were proposed for estimation of 

pressure drop in the foam column: 

Dry plate pressure drop (p1):  

 gukp Gc 2/45.1 2
01                                                                                           (2.12)                         

where ck  is a coefficient, a function of plate thickness;  0u  = gas velocity through 

orifices, m/s; G = gas density, kg/m3. 

Foam column pressure drop (p2): 

 4
02 102.085.0 llhp                                                                                     (2.13)                         

 where l = liquid density, kg/m3 

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 10-3 m to 1 x 10-3 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 10-6 to 1.0 x 10-4 m3/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 m2 m-3. 

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.   

  0/6 bGb da                                                                                                   (2.14) 

Where, 


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 1                                                                                    

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 (h0/dc)
-0.3. 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, pa , 

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

the relation 
pB

p d

w
a


6

 , where w  is the total mass of hydrated lime present as 

particles per unit volume of slurry, and B and pd  the  density of hydrated lime and 

average diameter of lime particles present in slurry, respectively. Initial value of dp in 

the slurry was determined by taking into account the decrease in size of the suspended 

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

G
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a
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 , where sd = the Sauter mean bubble 

diameter. ds was calculated using the relation 
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 , 
jbd = the average diameter of foam bubbles of the jth (j= 1 to n) size interval and jN

= the number of bubbles in this size interval.  

The gas hold-up, ,G  in the foam column was determined using the relation  

EEG /)1(                                                                                                     (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 (CO2 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 (h0), superficial 

velocity of gas, temperature, liquid-feed rate and composition of solutions on the 

height of froth ( fH ) 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, fH /h0 : 2-10, concentration 

of sodium metasilicate solution 200-600 kg/m3and initial height of liquid: 0.02-0.10 

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

variables. 

Grishina et al. (1971) studied the effects of initial height of liquid (h0) and surface 

tension ( l ) 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,  

  2
0

12.0
0 08.010485.3exp85.7  lf hhH                                                        (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  Shape and size distribution 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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           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 m3/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 γ-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, 

Figure 2.2 (a) An idealized pentagonal       
dodecahedral foam bubble           

Figure 2.2 (b) Photograph of a set of 
three nos of pentagonal foam bubbles in 
a foam-bed reactor operated at low gas 
velocity 



LITERATURE SURVEY 
 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors   36 
 

the corresponding Sauter mean bubble diameters were found to be 5.4 x10-3 m, 2.85 

x10-3 m and 2.2 x10-3 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 (22NaCl) to the liquid and measuring the -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 -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: 

ghgH mmff                                                                                                      (2.19) 

it follows that   

f

mm
f H

h
                   (2.20)  

where  f and fH  are the mass density and height of the foam, and m and mh are the 

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

respectively.  

f can be taken as the liquid hold-up in the foam column as G <<l. 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 

f  is determined from equation (2.20) and (2.21) and is used for the calculation of 

liquid holdup. 

f

mm
f H

h 
                                                                                                            (2.21) 

Also GGllf                (2.22) 

 

Since llGG    

Therefore          llf                                                                                     (2.23) 

 
So liquid hold up  

l

f
l 


                                                                                                                  (2.24)  
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2.6.1.7 Mass transfer 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, GabK , in a foam reactor than in a conventional packed tower and extent of 

absorption in  ¾ 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 CO2 gas from its mixture with air in 

monoethanol amine (MEA) and caustic soda (NaOH). For the same system, NaOH-

CO2, a different group of investigators (Maminov and Mutriskov, 1969) proposed a 

correlation for liquid phase mass-transfer coefficient in a continuously operated foam 

column:  
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Where, Wr is the difference in flow rates of gas and liquid, 0br  the bubble radius and 

fH  the foam height.  

CO2 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 Re0.9Sc0.5 for estimation of the mass-transfer coefficient, kl.  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 CO2 absorption in barium-sulfide solution in a 

continuous foam-bed reactor for precipitation of barium carbonate.  They determined 

optimum conditions for maximum yield of BaCO3 (99.9%). This was obtained for a 
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BaS concentration of 46 kg/m3, carbon dioxide concentration of 57 volume percent, 

temperature 60 ˚C, and solution-feed rate of 1.67 x 10-7 m3/s (10 ml/min). Desorption 

of CO2, 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 SO2 and Cl2, 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 )( fH , initial height of liquid in the storage section (h0), superficial velocity of 

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

of mass-transfer coefficient   

4.08.002.0
0

33.0
1 QVhHBk Gfl                                                                                        (2.26)                                     

The values of the constant B1 are 9.2 for SO2 and 4.3 for Cl2.   

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 CO2 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 x10-4  to 1.068 x10-4 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 Absorption 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) 
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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 ‘A’ 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 CO2 and NH3 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 correlations for estimation of parameter values in a foam-bed 

reactor   

S. 

No. 

Parameter Correlations Reported 

 

Reference 

1 Film 

Thickness 
dlTl tgHa  /42   Bikerman, J.  J., 

(1956) 
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p2 = 0.85 ho l + 0.2  l (104 ) 
Jackson, J. (1963) 

3 Foam height 
Hf = 4.35 x 10-5 (ho
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5.0

GV /(l
1.3 

lV 0.25)   Jackson, J. (1963) 

4 Mass-transfer 

coefficient, kl 
kl  = B1Hf 

0.33 h0 
0.02 8.0
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0.4 Shabel’nikov and 

Mukhlenov, (1963) 
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  Kruglyakov and  

Taube,(1965) 
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interfacial area 
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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 A 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 A in the gas phase, and that of component B in solution and of dissolved 

species A 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 A 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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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 CO2 in NaOH solution, the experimental conditions maintained 

were such that the reaction kinetics conforms to fast pseudo-first order reaction. 

Calculations from experimental conditions: rc = 0.0385 m, Vl = 1.0 x 10-4 m3 and the 

variables: fH = 0.05 m, l = 0.017 for set I; fH =0.26 m, l = 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 ( lh = 1.93 x 10-2 to 

2.06 x 10-2 m, GV  = 8.1 x 10-2 to 22.5 x 10-2 m s-1) 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: 

   )( 0 BddBBsd
Bs

l CQQCCQQ
dt

dC
V                                                                           (2.27) 

Foam section:         
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        ,

m

1i
iBiBdd CqCQ 



                                                                                           (2.28) 

,where  

     
m

1i

  qQ id 


                                                                                                       (2.29) 

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

pentagonal films of dodecahedral bubbles are written as 
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                                                                       (2.30) 

  , where CA 
/ is the concentration of reactant A in the foam film at position x and 

contact time tc, and  BCkλ 2 .  

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 A, was 

used to signify that the storage neither contributes to absorption nor to reaction. The 

initial condition was therefore written as  

          0             ,0   /  Ac Ca,x-atAt                                                            (2.31)   

The boundary condition was obtained by writing mass balance for component A 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 A in the gas pocket was equal to its 

rate of increase in the liquid half-film by its absorption: 
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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,  ),...,2,1(, miil  . 

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,                                                                                                    

                                                )( ]
)))( ...   ((2
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        (2.33)   

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 ( l ), based on the findings of Desai and Kumar (1983) that within about 3 x 

10-2 to 4 x 10-2 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 A 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 A were shown to be 0

AG
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 

cases. 

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 slk  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 CO2 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 CO2. 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 10-5 m3/s to 12.5 x 10-5 m3/s. Conversion also increased 

with an increase in the concentration of CO2 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 instantaneous value of conversion of Ca(OH)2, referred as 

component B here, needs its initial total mass mB(0)
T and its total unreacted amount, as 

a function of time mB(t)
T. Amount of Ca(OH)2 being reduced in solution due its 

consumption by reaction with CO2, referred as component A here, and increased in 

solution due to dissolution of its sparingly soluble fine particles, total mass of B in the 

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

are:   

At )0(;;0;0 pkpkBiBsAs vvCCCt                                                                     (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 m  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 dpk(t) in the 

above equations is the average size of particles in kth volume fraction of solid present 

in the slurry at any time ‘t’ 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 reactors in series: continuous operation  

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 CO2 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 BaCO3 and H2S 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/m3; concentration of CO2 in the feed stream: 1 x 10-2 kmol/ 

m3; gas flow rate: 8 x 10-3 m3/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 Nr 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 CaCO3; Slurry flow rate: 3.0784 x 10-3 m3/s: Slurry 

concentration : 150 kg hydrated lime/m 3 solvent: Concentration of surfactant (Triton 

X-100): 1.64 kg/m3; Surface coefficient: 0.57 x 10-4 m/s; Desired conversion of lime: 

99 percent.  The following performance equations were proposed.  

  The conversion,  X, in the yth reactor, any reactor in the series, at the end of reactor 

operation time t with a step size ∆t was given by: 
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During time period t, conversion obtainable in Nr reactors in series was obtained as:  
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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 Nr 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 t. The third and fourth terms 

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

th
rN reactor during the reactor operation time t, respectively. 

It is interesting that a model developed for a semi-batch reactor operation was 

extended to each of the Nr reactors in the series operating in a continuous mode. 

Considering the yth reactor in the series, volume of slurry (Q.(Vl/Vsl).∆t) which would 

have entered a reactor during a small time step ∆t, (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 ∆t for calculation of new concentrations and volumes at the end of time step, viz., 

kyAC
),(

, 
kyBC

),(
 and 

kypiv
),(

 in reactor p using equations 2.33 to 2.35.  )( y

T
BC  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 

∆t’s. 

 

2.10   Remarks on scope for 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 CO2 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 

CO2 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 CO2 gas. 

 (3)  Rates of absorption of CO2 gas in hydrated lime slurry and the reaction rates are 

enhanced significantly with the increase in concentration of CO2 in the feed gas 

mixture, the equilibrium interface concentration of dissolved CO2 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 CO2 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 CO2 in the gas phase and other significant variables used for collection of 

experimental data.  

 

 

 



 

 

 

 

 

 

 

 

Chapter 3 

THEORETICAL CONSIDERTION 

 



THEORETICAL CONSIDERATION  

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

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 CO2 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:   

100  x 
)0(

)()0(
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tBB
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CC
X


                                                                                      (3.1) 

where, CB(0) and CB(t) are the initial and transient concentrations of NaOH in the semi-

batch reactor. However, as component B is consumed by reaction with A, its 

instantaneous concentration, CB(t) is calculated by using the reaction stoichiometry and 

the material balance equation for component B. Rate  of consumption of component A 
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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 A here, is considered to be zero 

(Danckwerts, 1970). Concentration distribution of component A in the liquid film 

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

equation: 
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                                                                                  (3.2) 

However, the experimental conditions in the present work was maintained to satisfy 

the necessary conditions for the reaction between dissolved CO2 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 CO2 i.e., 

CA
* corresponding to a very low partial pressure of CO2 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   

A
A

A
A C

x

C
D

t

C









2

2

                                                                                         (3.3) 

where, = k2CB, the pseudo-first order reaction rate constant and CB, the concentration 

of B in the liquid film, virtually same as that existing in the bulk liquid, CBs (Fig. 3.1). 

Although the following B.Cs. show only the concentration of A as a function of time 

and position,    contains CB  (= CBs), value of which reduces with propagation of 

reaction. This new value of CBs  is calculated from reaction stoichiometry and used for 

calculation of new value of  . 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, 

 (iii)                                                                                   0          ,                   ,0

(ii)                                                                                     0           ,0             ,

(i)                                                                                    0          ,0                    ,0
*






txC

txCC

txC

A

AA

A

    (3.4)                

 

Figure 3.1 Concentration profiles for absorption with pseudo-first order reaction 

(NaOH-lean CO2) 

It is important that B. C. (3.4) can be used for solution of eqn. (3.3) only for a small 

time interval Δt, 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 CBs value becomes the new value of CBs. This new concentration of 

B after a small time step Δt 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 A at x, averaged over the various elements constituting 

the surface is defined following the surface renewal theory as, 





0

),(   dexCsC s
AA                                                                                            (3.5) 
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Equation (3.3) and the boundary conditions (3.4) may be rewritten applying Laplace 

Transformation as, 

)(
2

2

sC
x

C
D A

A
A 



                                                                                               (3.6) 

and 
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

xC

xCC

A

AA

        ,0

0    ,*

                                                                                                    (3.7) 

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

(Danckwerts, 1970) as, 

)]1(exp[*

sD

xk
CC
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l
AA


                                                                                   (3.8) 

The quantity ‘s’ in equation (3.8) is substituted, using the expression, sDk Al   to 

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

interface: 
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                                                                               (3.9) 

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

interfacial area per unit time, is obtained as: 


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0

 ),(   dexNsN s
AA                                                                                         (3.10) 

 Substituting the expression for NA one obtains, 
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 Making use of equation (3.5), eqn. (3.11) is rewritten as,  
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0)(  x
A

AA dx

Cd
DN                                                                                               (3.12) 

  Substituting for AC from eqn. (3.9) into eqn. (3.12) one obtains,            
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Or,      ))]1(exp[( 02
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Substituting m = )]1(
2

l

A

A

l

k

D

D

k 
  and performing the required differentiation one 

obtains, 

)}][ ){( 0
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 xAAA mxemCDN  

 On simplification, the final expression for estimation of average flux is obtained as 

)1(
2

*

l

A
AlA

k

D
CkN


                                                                                          (3.14) 

 Rate of consumption of B, i.e., total moles of B reacted over contact time Δt, by this 

fast pseudo-first order reaction, occurring in a zone close to the gas-liquid interface 

is therefore obtained as,  
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  Concentration of B in the storage section after time step t is therefore obtained as, 
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where, as is the interfacial area per unit volume of gas-liquid dispersion. 
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Conversion is calculated using eqn. (3.1) and the required transient values of CB 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 CO2 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 CA
* 

Solubility of CO2 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 T1.5 while that 

in the liquid phase by T1.0. The partial pressure-solubility relationship of CO2 in air-

water system at 30 °C is known to be, PAi = (36)(CAi) and the value of the 

corresponding Henry’s law coefficient, H, comes out to be 36 (m3)(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 A in the reactor for diverse operating conditions can therefore be obtained 

as,  

2/)( ,, exitAiinletAiAi PPP                                                                                           (3.17) 

The bubble column or the storage section of the foam reactor is considered to be fully 

stirred for which exit concentration of A 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 10-2 m. Instead of arithmetic mean, log mean partial pressure 

could also be used. For a typical experimental run, the partial pressures of CO2 at the 

inlet to- and exit from the bubble column reactor are 3.5885 x 10-3 and 2.1195 x 10-3 

atm., respectively. The arithmetic mean and log mean partial pressures comes out to 

be 2.854 x 10-3 and 2.7898 x 10-3 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, *
AC , has been calculated using 

Henry’s law:   

CA
* = CAi = H PAi                                     (3.18)                         

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

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

H is related to its value in water, Hw0 by the empirical equation (Danckwerts & 

Sharma, 1966). 

hI
H

H

w


0

log                                                                                                      (3.19) 

Where, I is the ionic strength, calculated using the equation, 

 ii CzI 2

2

1
                                                                                                        (3.20) 

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

Ghhhh                                                                                                          (3.21) 
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Hw0 by the empirical equation (Haq,1982) 

log Hw0: 4.117-0.059 T + 7.885 x 10-5 T2              (3.22) 

 

(ii) 2k  , 0
lk , AD  

Reaction rate constant 2k  for the reaction between carbon dioxide and hydroxyl ions 

at infinite dilution is estimated following Astarita (1967): 

I
T

 k 13.0
2895

635.13log 210                                                                            (3.23) 

At 30°C (303 K) and in a 0.5 molar solution of NaOH, values of 2k  comes out to be 

1.398 x 104 (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 

et al. (1935) as: 

c

A
l t

D
k


 x 0.20                                                                                                      (3.24) 

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

reported by Haq (1982): 

 
2

5

10

1059.25.712
1764.4)(log

T

x

T
DA                                                             (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 0
lk . 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 ct  being increased, 0
lk calculated with swarmu  is 

proportionately higher than that calculated with gleusin . 

 
swarm

b
c u

dt 0                                                                                                         (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: 
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rd                                        (3.27) 

The initial bubble volume, 0bV  in turn is calculated using the correlation of Kumar 

and Kuloor (1970)                                                                             
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Velocity of swarms of bubbles, swarmu , rising through a column of liquid has been 

given by Marrucci (1965) as: 

                              
1
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                                                           (3.29) 

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

by Clift et al. (1978): 

 
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b
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gle gddu  
                                                                    (3.30) 

(iii) Specific interfacial area, sa  

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

calculated using the equation:  

l

bc
t

s V

a
a                              (3.31) 
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Where, at
bc is the total interfacial area in the bubble column and obtained as follows: 









bubble

area
theinbubblesofnumbera bc

t column) bubblein  any timeat  dispersion     (                                           

or,          bbcbc
t ana                                                     (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, bct , in the dispersion of 

the bubble column is given by,  

swarm

d
bc u

h
t  .                                                                                                           (3.33)    

where, hd is the height of dispersion and calculated as, 
c

d
d

a

V
h            (3.34)                                     

dV  is the total volume of dispersion in the bubble column and ca , the cross-sectional 

area of the column.  

Total volume of dispersion, gld VVV                            (3.35)                                      

Total volume of gas in the dispersion can be obtained from the expression, 
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
                              (3.36) 

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 

))((
0 swarm

d

b

G
bc u

h

V

Q
n                                                       (3.37) 

Interfacial area per unit volume of solvent is therefore obtained as,  
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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) 

Ea/ Ha> 5                                  (ii) 

And,   
02 B

l

Ck

ak
<<1                       (iii) 

Physico-chemical data  

AD = 2.2595 x 10-5   cm2/s or 2.2595 x 10-9 m2/s   at 30°C 

2k = 1.3981x107 cm3/g mole. s 

0BC = 0.44136 x 10-3 g moles/ cm3 

BD =1.7979 x 10-5 cm2/s 

z=2.0 

CA
*= 0.6914 x 10-7 g moles cm-3 

(i)   
l

ABOH

k

DCk
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


2

                                                                            (3.39) 
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Condition (iii) may be obtained as follows. When the bulk liquid is in quasi-stationary 

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

and the bulk concentration CAb →0.  

Therefore, 
P1

1
→0 

   And hence,  P>>1 

Hence, a condition for pseudo-first order reaction is obtained as, 
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Ha being much larger than 2, Ea/ Ha much larger than 5 and 
Bb

l

Ck

ak

2

<<1, the reaction 

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: 

  100  x 
)0(

)()0(

B

BmB

C

tCC
tX


                                                                                 (3.42) 

 

Figure 3.2 Single stage model of a foam bed reactor for gas-liquid system 

CBm(t) has been defined in equation (3.61) 

(i) Gas absorption in the storage 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., Vls, hd, etc in 

the storage section.    

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

   lcflstorel aHVV ,                                                                                      (3.43) 

Concentration of B in the storage section after time step t is 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.  
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                                        (3.44) 

where,   bstoragestorage
t ana                                                                              (3.45) 

(ii) Gas absorption in the foam section 

The rate of gas absorption in the foam section is entirely by molecular diffusion from 

a very low concentration of CO2 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 CO2 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 CO2 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 

CO2 reacts then and there with the NaOH in solution and its concentration in the 

drainage stream, CAd, is zero. 

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

B arround the foam section 
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(i)  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 A in the foam section over a 

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

Moles A absorbed per unit time =   

   
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Moles of B reacted in the foam section per unit time is therefore obtained, 

considering the assumption that all the CO2 absorbed in the foam section reacts then 

and there, as  
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There being no B generated in the foam section, equation (3.46) reduces to 
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CA in eqn. (3.46) implies concentration of absorbed A in the liquid film close to the 

gas-liquid interface while CAs that in the bulk. The quantity QdCAs in the second term 

on the rhs of equation (3.50) represents moles of A entering into the foam section 

from storage by flow in the form of dissolved CO2 in the foam films and reacts with 

B leading to its depletion. As already stated, the reaction of dissolved CO2 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 A absorbed in the storage section get 

reacted and none of it goes to foam section, i.e., CAs=0. The other quantity in the 

second term also indicates depletion of B by reaction with A absorbed in the foam 

section as indicated by equation (3.49).                                                                                                             

With this simplification, rearrangement of equation (3.50) yields    
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(ii)  An algebraic expression in place of 
0




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x

A
A dx

dC
D for substitution in equation 

(3.51) 

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

simultaneous solution of the diffusion reaction equations: 
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CA and CB are concentrations of A 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 CB 

and the equations (3.52) and (3.53) reduce to    
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where,  is the pseudo-first order reaction rate constant. That the reaction occurs as 

per pseudo-first order kinetics, has been stated in §3.1.1 through estimation of Ha, 

Ea/Ha and kla/λ .  

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

Concentration CBs 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 Δt and is used for solution of eqns. (3.54-3.55). After each time step, the new 

value of CBs is calculated using equation (3.60) which then becomes the new value for 

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

The rate of absorption of component A 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, 

) ()
x

(- 2
*

0 sBAAx
A

A CkDC
d

dC
D                                                                      (3.57)                                         

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

obtained as, 
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Concentration of B in the drainage stream after a small time step Δt can therefore be 

obtained as, 
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where, CBs
i is the concentration of B in the storage section at time ‘t’ that enters  the 

foam section and CBd
i+1 is the concentration of B draining from the foam section at the 

end of a time step Δt, i.e., at time t+ Δt. 

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

using the material balance equation: 
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                                                                    (3.60) 

A volume of liquid in the storage, Vl,store with concentration CBs
i+1get mixed up with 

Qd. Δt volume of draining liquid of concentration CBd
i+1 to produce a total volume of 

(Vl,store + Qd. Δt) with the resultant concentration CBm
i+1. 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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The entire volume of reaction mixture comprising of Vl,store and foam
lV  being assumed 

to mix after each time step, use of equation (3.60) leads to some error in the estimation 

of CBm, actual volume of liquid draining to the storage section in the small time step Δt 

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 Δt, error is considered to 

be negligible without significant loss in accuracy.    

3.2 Mathematical model for gas-liquid-solid contactor- Absorption of CO2 in 

hydrated lime slurry  

3.2.1 Slurry Reactor: Ca(OH)2 slurry-lean CO2 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 (ii) 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 A & B in the bubble column-

/foam-bed slurry 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, CB
* or CBi. 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 

(A) gas, percentage conversion (X ) of the dissolved species B at any time ‘t’ may be 

written as   

           100  x 
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in mass and molar concentration units, respectively. Total loading of B, )(tC T
B , 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. )(tC T
B  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   

                     )
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td
ntCtC
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                                    (3.63) 

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., CBs(t) = CB
f(t). Number of particles, 

pkn , is 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 

)(tC T
B , )(tCBs , and pkd (t) can be calculated by solving the unsteady-state material-

balance equations for components A 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 slurry reactor 

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

coefficient can be estimated using the expression,  

Gll kHkK

111
                  (3.64) 

In equation (3.64) the units of kG and H are kmol m-2 s-1(N/m2)-1 and (N/m2) (kmol/ 

m3)-1, respectively. When applied to the lean CO2-water system, solubility of CO2 in 

water being substantially low, liquid phase mass-transfer resistance is  much larger 



THEORETICAL CONSIDERATION  

 Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  80 
 

than that in the gas phase, i.e., (
Gl kHk

11
 ). It follows that, lK  kl (Ramachandran 

and Sharma, 1969). For the gas-liquid-solid system, 10-50% CO2 in air has been used 

for experimental studies. A detailed justification of neglecting gas phase resistance has 

been provided in § 3.1.1. The value of lk 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, lk ,  has 

been used for establishing the material balance equations.  

The material-balance equation for the absorbed gas-phase component A (i.e. CO2) can 

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

         )( 2
0

lOHAsalAsAibl
As

l VCCkEVCCak
dt

dC
V               (3.65) 

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

Equation (3.65) can therefore be rewritten as:  

         )2()( 2
0

lBsAsalAsAibl
As

l VCCkEVCCak
dt

dC
V            (3.66) 

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. 2k  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:                   

        2)( 2
0

BsAsaAsAibl
As CCkECCak

dt

dC
                      (3.67) 

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

be written as: 

           )2()( 2 lBsAsBAslBsBipsl
Bs

l VCCkRVCCak
dt

dC
V                  (3.68) 

Equation (3.68) can be simplified as follows: 
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         2)/)(( 2 BsAsBAlslBsBipsl
Bs CCRkVVCCak

dt

dC
                     (3.69) 

BAR  is the stoichiometric factor for the overall reaction between the absorbed carbon-

dioxide gas and dissolved hydrated lime (moles lime reacted/ mole of CO2 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,  

                 )()(
)(

2

1
BBsBislpk

z

k
pk

B
k

pkpk

MCCkdn
dt

vnd
 







                     (3.70)       

The initial conditions for solution of equation (3.67), (3.69) and (3.70) are,  

00 &,0,0      pkpkBiBBsAs vvCCCCtAt                                   (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 

CAs, CBs and vpk 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 

          )(022.0 86.00
Gbl uak                                                                       (3.72) 

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

the correlation given by Capuder and Koloini (1984) 
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The value of eff , required for solution of equation (3.73) is estimated using the 

following correlation: 

            )40( 1/  n
Geff uK                                                              (3.74)                                         

The constants n/ 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: 
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The average value of the enhancement factor, Ea, can therefore be obtained as 
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The other parameter values, viz., db0, Vb0 and uswarm have been calculated using the 

equations (3.30) to (3.32), respectively.   

 3.2.2  Slurry-foam reactor: Ca(OH)2 slurry-lean CO2 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 

CO2 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 CO2 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, CBd= CBs).   

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 CO2 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 A 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 CBs 

and dpk are to be estimated by considering the conversions in both the storage and 

foam sections simultaneously. 

 

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, A (CO2) & 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 A in the drainage stream from the foam to 

the storage section is required for component A balance over the storage section as the 

exit stream from the foam section enters the storage section. Rate of reaction between 

Ca(OH)2 & CO2 depends on the rate of dissolution of lime or that of absorption of 

CO2 and therefore a mass-transfer controlled process (Juvekar and Sharma, 1973). 

Ca(OH)2 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 A is obtained by writing a   pseudo-steady state material 

balance equation for component A over the foam section (Fig. 3.4) as:  
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Eqn. (3.77) can be rearranged to the following: 
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where the quantities,  2
04)( b

c rp
RT

k
  and 

0

2

b

Gfc

V

Hr 
 in the second term on the right-

hand side of the above equation accounts for the moles of  A 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 Vb0 considering that the decrease 

in bubble volume due to absorption of component A 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 

of the other. In the third term, the quantity    
B

Blpkdpkpk
k

M

VVVn  . ))( foam
  indicates 

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

Rearranging equation (3.79), we obtain 
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Substituting the value of 
0

29.3

b

G
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k   (Bhaskarwar and Kumar, 1995) in equation 

(3.80), one obtains an expression for CAd as: 
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(i) Component A balance over the storage section (Figure 3.4): 
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                (3.82)                                       

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

equation (3.82) simplifies to: 
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(ii) Component B balance over the storage section: 

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

component A:  
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                                                                                                               (3.84)                                        

From assumption 5 above the conditions, CBd = CBs (quasi-stationary state) and Q = 0 

(semi-batch reactor) are substituted in equation (3.84) to obtain: 
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(iii)   Mass balance of particles in slurry: 

There being a continuous phase transfer of component B from solid to solution, mass 

balance for Ca(OH)2 particles in the slurry is required to be written and included in 

simultaneous estimation of transient concentrations of components A and B followed 

by conversion of B. The desired mass balance equation for Ca(OH)2 particles in the 

slurry can be written as:  
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           (3.86)                          

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

simplifying one gets: 
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      (3.87)                          

iv) Estimation of pkdV  in terms of pkV  

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, CBd= 

CBs). Equating the mass of lime dissolved in the foam section to that reacted in this 

section, one gets, 
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The values of AC   & *
ct  have been calculated using the following expressions
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The value of *
ct  has been given by Biswas and Kumar (1981).                                                       
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A second equation, that obviates the need of a value of vpkd , for estimation of CAd is 

written below for obtaining the value of CA
/. With his objective, a pseudo-steady state 

material balance for component A over the foam section may be written as, 
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The working equation for CA
/ can be obtained using eqns. (3.89) and (3.91) along with 

the relation for 
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Rearrangement of equation (3.88) yields 
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Substituting for  


z

k
pkdpkVn
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from equation (3.93) into equation (3.87), we obtain 
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CA
/ in equation (3.94) is to be evaluated using equation (3.92). For the special case of 

no foam in the column, tc
* 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 CAd from equation (3.81) into 

equation (3.83) and simplifying one gets,  
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The product, ))(4(
0

2

2
0

b

gfc
b V

Hr
r


 , indicates total interfacial area available for 

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

pressure, pAb being known, solubility of gas at the given temperature, AiC  can be 

obtained from the literature. Aip  therefore, can be obtained as H
C Ai . The quantity p  

in eqn. (3.95) may then be obtained as, AiAb ppp  . Only a small percentage of 

CO2 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 CAs, concentration of A within the gas bubbles, leaving the 

storage and entering the foam section is obtained from the conversion of Ca(OH)2 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 CAs, CBs and vpk(t), and, conversion of lime is calculated 

using equations (3.62) and (3.63).  
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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 Gas-liquid 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 CO2 

gas in 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 a foam-bed reactor. 

(i) Gas flow rate  

(ii) Concentration of sodium hydroxide in solution 

   B.  Foam-bed reactor: Effects of the following variables on conversion of NaOH 

were studied. 

   (i)     Gas flow rate  

(ii) Concentration of sodium hydroxide in solution 

(iii) Volume of sodium hydroxide solution charged into the reactor  

(iv) Concentration of CO2 gas in 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, CO2 cylinder, air compressor, rotameter for air, a mixer for CO2 and air, and, 

an infrared (I.R.) lamp. The glass column, 0.74 m long and 10.5 × 10-2 m internal 

diameter is connected at the bottom to a glass cone with the help of flanges.  A gas 

distributer plate, 2.0 ×10-3 m thick and made up of perspex is placed between the 

flanges. There are 31 holes of 1.0 × 10-3 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 × 10-3 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 10-6 to 3.2 x 10-6 m3 s-1, and cannot be measured using a rotameter, a bubble 

flow meter was used to measure the CO2 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 

(ii)  The gas inlet to this glass tube is located above the rubber ball and connected to 

the CO2 cylinder through a rotameter, primarily to reduce the flow rate of CO2 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 CO2 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.  

(iii)  CO2 flow rate from the high pressure cylinder is pre-controlled using a rotameter   

to less than 0.5 lpm before it enters the soap-bubble flow meter.  

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

CO2-air mixture then flows to the bubble column/ foam-bed reactor. 

As the CO2 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 

CO2. 

 



EXPERIMENTAL: MATERIALS AND METHODS 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  92 

 

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: Na2CO3 present as impurity in the NaOH solution was 

removed by precipitating it as BaCO3 through drop-wise addition of about 10 percent 

BaCl2 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 HCl 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.  

(ii) 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 10-4 m3 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 CO2 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 CO2 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 CO2 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. BaCl2 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 HCl 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 Photograph 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  

(ii) Volume of slurry 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 solids loading  

(ii) Volume of slurry charged to the reactor 

(iii) Superficial velocity of gas 

(iv) Height of foam-bed  

(v)  Nature of surfactant  

(a)  Anionic: Sodium Dodecyl Sulfate (SDS)  

(b)  Cationic: Cetyl Trimethyl Ammonium Bromide (CTAB)  

(c)  Non-ionic: Octyl Phenoxy Polyethoxyethanol (Triton X-100)  

(vi)  Concentration of  surfactant (SDS, CTAB and Triton X-100) 

(vii) Concentration of CO2 in the feed gas (10%, 25% and  50%  CO2 gas) 

 

Other experiments performed: 

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

(ii) 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.): 10.5 x 10-2 m 

              Height of column: 0.74 m 

          Gas distributor plate 

              Material of construction: perspex 

              Thickness of plate: 2.0 x 10-3 m 

              Diameter of each hole: 1.0 x 10-3 m 

              Number of holes: 31 

          Orifice plate for foam breaking 

              Material of construction: perspex 

              Thickness of plate: 2.0 x 10-3 m 

              Diameter of each hole: 3.0 x 10-2 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 CO2 gas as the flow rate of gas was 10 lpm and higher pre-calibrated 

rotameter was used instead of bubble flow meter.  

4.2.4 Materials used:   

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 dodecyl 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. Iso-amyl alcohol (GR, MERCK Ltd. Mumbai), an anti foaming agent 

was used to maintain the desired foam height. Iodine (GR, MERCK Ltd. Mumbai), 

potassium iodide (GR, MERCK Ltd. Mumbai),   sodium thiosulphate pentahydrate 

(GR, MERCK Ltd. Mumbai), soluble starch (GR, MERCK Ltd. Mumbai) and 

potassium dichromate (GR, MERCK Ltd. Mumbai),  were used in the chemical 

analysis of the reactants and products.  
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4.2.5 Experimental  

(i) Slurry preparation: Calcium 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 x10-3 kg, is 

added to about 1.0 x10-4 m3 boiled distilled water taken in a 2.5 x10-4 m3 volumetric 

flask and mixed thoroughly. The slurry 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 x10-4 m3 beaker and added to the slurry in the 

volumetric flask with constant shaking before making up the volume. The slurry 

volume was then made up to 2.5 x 10-4 m3 with gradual addition of distilled water and 

mixing the contents thoroughly. 

(ii) Procedure: For experiments on carbonation of hydrated lime slurry, flow rate of 

carbon-dioxide being substantially high, a pre-calibrated rotameter was used for the 

metering of this gas. As with the gas-liquid system, before the start of each 

experiment, an I.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 10-4 m3 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 several 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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          Fig 4.3 A Line diagram of experimental set-up used for gas-liquid-solid 

system 
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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 10-4 m3 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 a water tank, a water pump, a rotameter for water of capacity 0 to 5 

lpm, a water-ring type vacuum pump with a vacuum gauge fitted to it, a catch pot and 

a glass bulb connected to a liquid hold-up sampler. 
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Figure 4.5: Set-up for measurement 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 

 

(a) (b) 
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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 a foam bed reactor were prepared. 

(ii) 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. 

(iii)  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 10-5 m3 s-1 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 glass joint.  

(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 slowly 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 x10-6 m3
 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 data in chapter 5 part II. 
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4.3.2 Hydrated lime content of the test sample, particle size distribution and 

average particle size  

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)2 and product CaCO3 have been measured using CILAS- 940 particle-size 

analyzer and Mastersizer 2000 E. The Ca(OH)2 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 II. 

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 CaCO3, 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 10-3 kg 

hydrated lime in 2.5 x 10-4 m3 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 (B1) 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 (B2) of known weight. The solution 

kept in beaker B2 was evaporated to dryness and the weight, negligibly small, of solid 

was determined.  

The residual water left out in beaker B1 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 platelets. 

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

till constant weight was obtained. 

The total mass of product CaCO3 obtained from B1 and B2 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 

106 kg of CaCO3 dissolves in 2.50 x 10-4 m3 of water. The mass of solid obtained by 

evaporation of solution in beaker B2 was found to be approximately equal to the mass, 

0.1358 x 10-3 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 CaCO3  

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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Chapter 5 

RESULTS & DISCUSSION 
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PART I: GAS-LIQUID SYSTEM- Absorption of CO2 in NaOH solution 

New Models have been developed and presented in Chapter 3 for absorption of CO2 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 data in the foam-bed reactor.  

The reaction between dissolved CO2 and NaOH occurs in a zone close to the interface. 

Dissolved CO2 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 CO2 from the gas-liquid interface and the reaction continues to 

occur in this zone.  Concentration of dissolved CO2 in the bulk liquid, therefore, 

during the entire reaction period remains at zero level, i.e., CAb=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 ,  0
lk , )( *

AAi CC  , AD , 2k , bc
ta are needed for simulation of reactors. G   has 

been obtained using the correlation developed by Shulman and Molstad (1950), 0
lk  

has been estimated using Higbi’s (1935) penetration theory of mass transfer. Liquid-

phase diffusion coefficient AD has been obtained using the correlation proposed by 

Haq (1982) and the reaction rate constant 2k estimated following Astarita (1967). AiC  

is obtained using Henry’s law. In the estimation of 2k 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 CO2 gas. In the lower 

range of gas velocities, foam was found to be more stable with a higher concentration 

of CO2 gas. While weeping occurred when superficial gas velocity was below 2.7 x 

10-2 m/s, recirculation of foam was observed above 10 x 10-2 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 CO2 gas used in 

the present experiments, foam was found to be more unstable as the gas rate was 

reduced at a fixed concentration of CO2 gas. At about 0.49% CO2 gas used in the 

present experiments, foam was found to be stable at and above superficial velocity of 

4.4 x  10-2 m/s. At lower concentrations, higher gas rate was required for generation of 

stable foam. 

Because of substantially 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 CO2 in the feed gas, volume of solution charged to the reactor 

and the superficial 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 CO2, using the reaction 

stoichiometry, reacted per second was calculated. From the knowledge of volume of 

CO2 entering and reacted per second and the flow rates of diluents gas, partial 

pressure of CO2 in the exit gas is calculated. Average partial pressure was used for 

simulation of bubble column reactor as mentioned above.   

For the simulation 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 

CO2 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 CO2 was 

calculated using the experimental conversion data, inlet flow rates of CO2 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-3 (0.866 N). CO2 concentration at the reactor inlet and 

superficial velocity of gas were maintained at 3.59 x 10-3 mole fraction and 9.66 x 10-2 

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 10-4 m3. 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 CO2 reduces with an increase in 

the concentration of NaOH in the solution. For the present case, this varies from 0.227 

kg moles /m3 to  0.866 kg moles /m3 (0.227 x 10-6 g moles /cm3 to 0.866 x 10-6 g 

moles /cm3 corresponding to a bulk partial pressure of CO2 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 10-3 kg for 0.87 (N) NaOH solution; 

0.1485 x 10-3 kg for 0.43 (N) and 0.1089 x 10-3 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 a reduction in conversion.   
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Figure 5.1.1a Effect of concentration of sodium hydroxide on conversion 
in bubble-column contactor

R2=97.77

R2=99.35
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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 CO2 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 area for absorption of CO2 in the liquid remain unchanged during the entire 

course of reaction. As the reaction does not occur in the bulk of the liquid, bulk 

Parameters    

Surfactant none none none 

Hf (m) 0.0 0.0 0.0 

Vl  (m
3)×104 2.5 2.5 2.5 

VG(m/s)×102 9.66 9.66 9.66 

QCO2 (m
3/s) x106 3.0 3.0 3.0 

Qair (m
3/s) x106 833.0 833.0 833.0 
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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 a foam-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 10-2 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 a foam-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 area is considered to be the primary reason for this increase in conversion of 

NaOH. The model predictions are found to agree well with the experimental data.  

Figure 5.1.1b Effect of NaOH concentration on conversion in a foam-bed 
reactor
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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 10-2 to 9.67 x 10-2 m s-1  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 10-2 to 9.67 x 10-2 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 

Parameters    

Surfactant CTAB CTAB CTAB 

Hf (m) 0.2 0.2 0.2 

VG (m/s)×102 9.66 9.66 9.66 

QCO2 (m
3/s) x106 3.0 3.0 3.0 

Qair (m
3/s) x106 833.0 833.0 833.0 

Vl  (m
3)×104 2.5 2.5 2.5 

Variables    

Gs  
0.38 0.38 0.38 

l  
0.013 0.036 0.039 
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velocity. This is 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 

also 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.  

Figure 5.1.2a Effect of superficial gas velocity on conversion in a bubble-
column reactor
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Experimental data and parameter values have been shown in Tables 5B.3.1 to 

5B.3.3 

Parameters    

CB0 (kg/m3) 9.047 9.047 9.047 

Surfactant none none none 

Hf (m) 0.0 0.0 0.0 

QCO2 (m
3/s) x106 1.8 3.33 4.1 

Qair (m
3/s) x106 375.0 667.0 833.0 

Vl  (m
3)×104 2.5 2.5 2.5 
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Figure 5.1.2b Effect of superficial gas velocity on conversion in a foam-bed
 reactor
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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 hydroxide in a foam-bed reactor 

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

x10-4 to 5.0 x10-4 m3. 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 all other parameters and variables kept constant. 

Parameters    

 CB0 (kg/m3) 17.65 17.65 17.65 

Surfactant CTAB CTAB CTAB 

Hf (m) 0.2 0.2 0.2 

QCO2 (m
3/s) x106 1.8 3.33 4.1 

Qair (m
3/s) x106 375.0 667.0 833.0 

Vl  (m
3)×104 2.5 2.5 2.5 

Variables    

Gs  
0.29 0.34 0.39 

l
0.01 0.034 0.038 
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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 10-3, 6.22 x 10-3 and 8.82 x 10-3  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.  

Figure 5.1. 3 Effect of solution volume charged into the reactor on conversion in 
a foam-bed reactor
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Parameters    

CB0 (kg/m3) 17.65 17.65 17.65 

Surfactant CTAB CTAB CTAB 

Hf (m) 0.2 0.2 0.2 

VG (m/s)×104 9.66 9.66 9.66 

QCO2 (m
3/s) x106 3.0 3.0 3.0 

Qair (m
3/s) x106 833.0 833.0 833.0 

Variables    

Gs  
0.38 0.29 0.27 

l
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 CO2 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 hydroxide in 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 CO2 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.   

 

Fig 5.1.4. Effect of concentration of carbon dioxide gas on conversion of NaOH
in a foam-bed reactor
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Experimental data and parameter values have been shown in Tables 5B.6.1 to 5B.6.3 

Parameters    

CB0 (kg/m3) 17.65 17.65 17.65 

Surfactant CTAB CTAB CTAB 

Hf (m) 0.2 0.2 0.2 

VG (m/s)×102 59.66 9.66 9.66 

Qair (m
3/s) x106 833.0 833.0 833.0 

Vl  (m
3)×104 2.5 2.5 2.5 

Variables    

Gs  
0.37 0.38 0.39 

l
0.033 0.036 0.038 
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PART II: GAS-LIQUID-SOLID SYSTEM-Absorption of CO2 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 ( l ), particle size distribution ( sd pk
' ), solid-liquid mass-transfer 

coefficient ( slk ) and gas-liquid mass transfer coefficient ( bl ak 0
) were needed. Values 

of 
pkd and l  were measured experimentally. Solid–liquid mass transfer coefficient, slk

, 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 CO2 used in the present studies. 

bl ak 0
 was estimated using correlation reported in the literature for carbonation of 

hydrated lime slurry using lean CO2 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 CO2 

gas and effect of addition of ethylene glycol. 

For verifying the validity of the models developed, the values of slk  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 10-6 m/s to 2.0 x10-6 m/s for 

slurry reactor and from 0.65 x 10-6 to 0.25 x 10-4 m/s for the slurry foam reactor. 

However, Stangle and Mahalingam (1990) reported slk  values to vary in the range 2 x 

10-8 - 3 x 10-7 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 slk 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 ksl 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 CO2 

gas for carbonation reaction and slk values are observed to increase significantly with 

an increase in its concentration. Superficial velocity of gas in slurry reactor and 

concentration of CO2 gas in slurry-foam reactor are observed to have the most 

significant effect on the values of slk . A dimensionless correlation has been developed 

for slk 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: 
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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)2 : 03097 (CDH) 

  CO2 gas flow rate = 0.333 x 10-4 m3/s 

  Air flow rate = 3.0 x 10-4 m3/s 

 Slurry volume = 2.5 x 10-4 m3 

  Foam height = 0.4 m 

 Surfactant = SDS (4000ppm) 

 

Distance from Slurry 

foam interface at 

which suction was 

applied (m) × 102 

Solids loading, kg/m3 

20 40 60 

Volume of liquid sucked into the sampling bulb (m3) × 106 

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)2 : 03097 (CDH) 

  CO2 gas flow rate = 0.333 x 10-4 m3/s 

  Air flow rate = 3.0 x 10-4 m3/s 

  Solid loading= 40 kg/m3 

Slurry volume = 2.5 x 10-4 m3 

 Surfactant = SDS (4000 ppm) 

Distance from Slurry 

foam interface at which 

suction was applied (m) 

× 102 

Foam height, m 

0.2 0.4 0.6 

Volume of liquid sucked into the sampling bulb (m3) × 106
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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 -------- -------- 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)2 :  03097 (CDH) 

   CO2 gas flow rate = 0.333 x 10-4 m3/s 

  Air flow rate = 3.0 x 10-4 m3/s 

  Solid loading= 40 kg/m3 

 Foam height = 0.4 m  

Surfactant = SDS (4000ppm) 

Distance from Slurry 

foam interface at 

which suction was 

applied (m) × 102 

Slurry volume, m3 

2.5 x 10-4 3.5 x 10-4 5.0 x 10-4 

Volume of liquid sucked into the sampling bulb (m3) × 106 

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)2 :  03097 (CDH) 

  Solid loading = 40 kg/m3 
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 Slurry volume = 2.5 x 10-4 m3 

Foam height = 0.4 m 

 Surfactant = SDS (4000ppm) 

 

Distance from Slurry 

foam interface at which 

suction was applied (m) 

× 102 

Superficial velocity of gas, (m/s) x 102 

3.85 5.77 7.70 

Volume of liquid sucked into the sampling bulb (m3) × 106

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)2 : MH0M601992 (MERCK) 

  CO2 gas flow rate = 0.333 x 10-4 m3/s 

  Air flow rate = 3.0 x 10-4 m3/s 

  Solid loading = 40 kg/m3 

 Slurry volume = 2.5 x 10-4 m3 

 Foam Height = 0.4m 

 

Distance from Slurry 

foam interface at 

which suction was 

applied (m) × 102 

Surfactant (Concentration) 

SDS (4000 ppm) CTAB (540 ppm) Triton-X-100 (960 

ppm) 

Volume of liquid sucked into the sampling bulb (m3) × 106

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)2 : MH0M601992 (MERCK) 

 CO2 gas flow rate = 0.333 x 10-4 m3/s 

 Air flow rate = 3.0 x 10-4 m3/s 

 Solid loading = 20 kg/m3 

 Slurry volume = 2.5 x 10-4 m3 

Surfactant = SDS  

Distance from Slurry 

foam interface at 

which suction was 

applied (m) × 102 

Surfactant Concentration (ppm) 

2000 4000 8000 16000 

Volume of liquid sucked into the sampling bulb (m3) × 106 

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 2.2 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)2 : MH0M601992 (MERCK) 

CO2 gas flow rate = 0.333 x 10-4 m3/s 

 Air flow rate = 3.0 x 10-4 m3/s 

Solid loading = 20 kg/m3 

Slurry volume = 2.5 x 10-4 m3 

Surfactant: CTAB 
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Distance from Slurry 

foam interface at 

which suction was 

applied (m) × 102 

Surfactant Concentration (ppm) 

200 540 1000 1620 

Volume of liquid sucked into the sampling bulb (m3) × 106 

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)2 : MH0M601992 (MERCK) 

  CO2 gas flow rate = 3.33 x 10-5 m3/s 

  Air flow rate = 3.0 x 10-4 m3/s 

  Solid loading = 20 kg/m3 

 Slurry volume = 2.5 x 10-4 m3 

Surfactant: Triton-X-100 

 

Distance from Slurry 

foam interface at 

which suction was 

applied (m) × 102 

Surfactant Concentration (ppm) 

320 960 2400 4800 

Volume of liquid sucked into the sampling bulb (m3) × 106 

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 3.4 

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)2 and product CaCO3 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. MH0M601992, were used in present studies.  The respective volume-

average particle diameters, 8.67 µm and  6.04 µm, 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.  

                                      

 

CDH, Batch no. 03097 

         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 µm 

Sr. No. 

of 

fraction 

Volume 

fraction of 

particles 

Average 

particle 

diamter 

 (݉ߤ)
Sr. No. of 

fraction 

Volume 

fraction 

of 

particles 

Average particle 

diameter (݉ߤ) 
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 

 

 

MERCK, Batch no. MH0M601992 

         Figure 5.2.2.2 Particle size distribution (CILAS 940 particle size analyzer) 



RESULTS AND DISCUSSION 

 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 129 
 

Table 5.2.2.2  Particle size distribution of hydrated lime sample (batch no. 

MH0M601992) 

 Average particle size= 6.04 µm 

Sr. No. 
of 

fraction 

Volume 
fraction of 
particles 

Average 
particle 
diamter 
 (݉ߤ)

Sr. No. of 
fraction 

Volume 
fraction of 
particles 

Average 
particle 
diameter 

 (݉ߤ)
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)2 from  B. No. MH0M601992 and 

obtained using MALVERN MASTERSIZER 2000E, has been shown in figure 

5.2.2.3,  

 

Batch no. MH0M601992 

Figure 5.2.2.3 Particle size distribution (MALVERN MASTERSIZER 2000E) 

While that of  CaCO3 obtained by complete carbonation of hydrated lime, batch no. 

MH0M601992, 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 CaCO3 with SDS as a foaming 

agent (MALVERN MASTERSIZER 2000E) 

It is observed that particle size of product calcium carbonate present with maximum 

volume percent, 11.15%, varies from 5.88 µm to 7.98 µm. The particle size 

distribution of product  CaCO3, obtained from carbonation of Ca(OH)2 sample of 

batch no. MH0M601992, 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 µm to 

5.3 µm.  

Table 5.2.2.3  Particle size distribution of CaCO3 using SDS and CTAB as the 

foaming agents 

S.No. Surfactant used % volume 
of 

particles 

Particle size 
)( m  

Specific 
surface 

area, m2/g 

Surface weighted 
mean diameter of 

particles  
)( m  

1. SDS 11.15 5.8-7.9 0.424 5.777 
2. CTAB 8.65 3.9-5.3 0.413 5.928 
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Figure 5.2.2.5 Particle size distribution of product CaCO3 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/m3 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 CO2 and 

air were maintained at 3.33 x 10-5 m3/s and 30 x 10-5 m3/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 5E.1.1 to 5E.1.3 

 

 

 

 

 

 

 

 

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 

Parameters    

Surfactant none None none 

fH  (m) 0.0 0.0 0.0 

VG (m/s)×102 3.85 3.85 3.85 

Vl  (m
3)×104 2.5 2.5 2.5 

QCO2(m3/s)×104 0.33 0.33 0.33 

Qair (m3/s)×104 3.0 3.0 3.0 
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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, slk is found to 

decrease from 0.99 x10-6 to 0.69 x10-6 m s-1 for bubble column- and from 0.63 x10-5 to 

0.35 x10-5 m s-1 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 5E.2.1 to 5E.2.3 

Parameters/variables    

Surfactant SDS SDS SDS 

Cs (ppm) 4000 4000 4000 

fH  (m) 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 

Vl  (m
3)×104 2.5 2.5 2.5 

 l × 102 1.01 1.04 0.8495 
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QCO2(m3/s)×104 0.33 0.33 0.33 

Qair (m3/s)×104 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 x10-2 m s-1 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    

Surfactant none none none 

fH  (m) 0.0 0.0 0.0 

CB0 (kg/m3) 40 40 40 

Vl  (m
3)×104 2.5 2.5 2.5 

QCO2(m3/s)×104 0.33 0.5 0.67 

Qair (m3/s)×104 3.0 4.5 6.0 
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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 CO2 in the feed gas mixture in both the reactors.     
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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 5E.4.1 to 5E.4.3 

Parameters/ variables     

Surfactant SDS SDS SDS 

Cs (ppm) 4000 4000 4000 

fH  (m) 0.4 0.4 0.4 

CB0 (kg/m3)         40         40 40 

Vl  (m
3)×104 2.5 2.5 2.5 

l × 102 1.04 1.28 1.62 

QCO2(m3/s)×104 0.33 0.5 0.67 

Qair (m3/s)×104 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 x10-4 

to 5.0 x10-4 m3. 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 x10-4 m3 being twice than that in 2.5 x 10-4 m3, 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. 

 

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)
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 Experimental data and parameter values have been shown in Tables 5E.5.1 to 5E.5.3 

 

 

 

 

 

 

 

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 

Parameters    

CB0 (kg/m3) 20 20 20 

fH  (m) 0.0 0.0 0.0 

VG (m/s)×102 3.85 3.85 3.85 

Surfactant  none none none 

QCO2(m3/s)×104 0.33 0.33 0.33 

Qair (m3/s)×104 3.0 3.0 3.0 
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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. slk  reduces from 0.99 x 

10-6 to 0.45 x 10-6 m/s as slurry volume increases from 2.5 x 10-4 to 5.0 x 10-4 m3. 
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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    

Surfactant SDS SDS SDS 

Cs (ppm) 4000 4000 4000 

fH  (m) 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 
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CB0 (kg/m3) 20 20 20 

l × 102 1.04 1.29 0.80 

QCO2(m3/s)×104 0.33 0.33 0.33 

Qair (m3/s)×104 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 10-5 to 0.63 x 10-5 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-3 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  l  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. slk values vary from 0.25 x 

10-5 to 0.75 x 10-5 m/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 5E.7.1 to 5E.7.3 

Parameters/variables    

Surfactant SDS SDS SDS 

Cs (ppm) 4000 4000 4000 

VG (m/s)×102 3.85 3.85 3.85 

CB0 (kg/m3) 40 40 40 

Vl  (m
3)×104 2.5 2.5 2.5 

l × 102 1.47 1.04 0.84 

QCO2(m3/s)×104 0.33 0.33 0.33 

Qair (m3/s)×104 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, MH0M601992) 

Experimental data and parameter values have been shown in Tables 5E.8.1 to 5E.8.3 

Parameters/variables    

Surfactant SDS CTAB Triton X-100 

Cs (ppm) 4000 540 960 

fH  (m) 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 

CB0 (kg/m3) 20 20 20 

l × 102 1.62 3.31 1.09 

QCO2(m3/s)×104 0.33 0.33 0.33 

Qair (m3/s)×104 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 0

l
k . In such cases, the 

volumetric mass-transfer coefficient, bl
ak 0  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 CO2 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, slk  is also found to follow the 

similar trend. It increases from 0.6 x 10-5 m/s to 0.99 x 10-5 m/s and then reduces to 

0.3 x 10-5 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 

 

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 

Parameters/variables     

Cs (ppm) 2000 4000 8000 16000 

fH  (m) 0.4 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 3.85 

CB0 (kg/m3) 20 20 20 20 

Vl  (m
3)×104 2.5 2.5 2.5 2.5 

l  × 102 1.34 1.62 1.51 0.85 

QCO2(m3/s)×104 0.33 0.33 0.33 0.33 

Qair (m3/s)×104 3.0 3.0 3.0 3.0 
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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 CO2 gas 

in a continuously operated foam-bed reactor. For the low values of ksl  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 CO2 by volume and at 

the minimum total gas flow rate of 3.33 x 10-4 m3 s-1 (20 lpm) 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, MH0M601992) 

Experimental data and parameter values have been shown in Tables 5E.10.1 to 

5E.10.4 

Parameters/variables     

 
fH  (m) 0.4 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 3.85 

CB0 (kg/m3) 20 20 20 20 

Vl  (m
3)×104 2.5 2.5 2.5 2.5 

 l × 102 2.76 3.31 1.40 0.98 

QCO2(m3/s)×104 0.33 0.33 0.33 0.33 

Qair (m3/s)×104 3.0 3.0 3.0 3.0 

 

The solid-liquid mass-transfer coefficient is also found to increase from 0.18 x 10-5 to 

0.4 x 10-5 m/s with an increase in CTAB concentration in the low concentration region 

and then decrease to 0.1 x 10-5 m/s at highest concentration (1620 ppm) used for 

experiments. This trend in the variation of slk 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, slk  is also found to 

increase from 0.9 x 10-6 m/s to 0.3 x 10-5 m/s with an increase in the concentration of 

surfactant, and then decrease to 0.65 x 10-6 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 

5E.11.4 

Parameters/variables     

fH  (m) 0.4 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 3.85 

CB0 (kg/m3) 20 20 20 20 

Vl  (m
3)×104 2.5 2.5 2.5 2.5 

l × 102 1.02 1.09 1.26 1.06 

QCO2(m3/s)×104 0.33 0.33 0.33 0.33 

Qair (m3/s)×104 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 A. 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 slk  they obtained in the three-

phase foam reactor with those obtained from a slurry bubble column reactor by 

Ramachandran and Sharma (1969). ksl 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 ksl 

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 CO2 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 slk . 

 

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 CO2 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 slk  in 

the range 0.9 x 10-5 to 0.25 x 10-5 m s-1. 
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Figure 5.3.9 Effect of CO2 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.12.1 to 

5E.12.3 
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Parameters/variables    

Surfactant SDS SDS SDS 

Cs (ppm) 4000 4000 4000 

fH  (m) 0.4 0.4 0.4 

VG (m/s)×102 3.85 3.85 3.85 

CB0 (kg/m3) 20 20 20 

l × 102 1.62 1.62 1.62 

QCO2(m3/s)×104 0.33 0.83 1.67  

Qair (m3/s)×104 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)2 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 

5E.13.3. 

Parameters/variables   

Surfactant SDS SDS 

Cs (ppm) 4000 4000 

fH  (m) 0.4 0.4 

VG (m/s)×102 3.85 3.85 

CB0 (kg/m3) 20 20 

l × 102 1.62 1.01 

QCO2(m3/s)×104 0.33 0.33   

Qair (m3/s)×104 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 µm and 8.67 µm 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 m ) than for the slurry containing larger particles (8.67 m ). 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, slk obtained in 

present study with other investigators 

Investigators  CO
2
 concentration in 

liquid phase by volume  
With/with out 

surfactant  
Solid liquid mass 
transfer coefficient 

slk m/s  
Stangle & 

Mahalingam, 

1990  

10%  With surfactant 

at high 

concentration  

2x10
-8

-3x10
-7 

 

Present Work  10-50%  SDS, CTAB & 

Triton X-100  
1x10

-6
-2.5x10

-5 
 

Ramachandran 

& Sharma,1969  

40%  Without 

surfactant  

2x10
-5

-8x10
-5 

 

Jana,2010  100%  SDS, CTAB & 

Triton X-100  

1x10
-5  

-8.9x10
-5 
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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 CaCO3 generated in the carbonation of lime in a slurry-foam reactor.  

 

Figure 5.3.11 Comparison of particle size distribution of product CaCO3 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 CO2 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 CaCO3 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 

ethylene glycol 

added, m3 x 106 

At volume 

% of 

particles 

Particle size 

)( m  

Specific 

surface 

area, m2/g 

Surface weighted 

mean diameter of 

particles  

)( m  
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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. MH0M601992, 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)2 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)2. 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 

 

 

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)2, 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 

CaCO3. 

5.4.2 X-ray diffraction (XRD)  

Relative amount of different lattice forms of particles present in the samples of 

Ca(OH)2 have been evaluated by X-ray diffraction. XRD spectra of samples of 

Ca(OH)2, supplied by MERCK (P) Ltd and CDH (P) Ltd.,  have been shown in figures 

5.4.2a and 5.4.2b, respectively. CuK-  has been used to characterize the samples 

with a 2θ 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 CaCO3 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)2 and CaCO3 are found 

to agree well with the JCPDS (Joint Committee on Powder Diffraction Standards). 

Figure 5.4.2a XRD pattern of reactant Ca(OH)2 supplied by MERCK Pvt. Ltd. 
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Figure 5.4.2b XRD pattern of reactant Ca(OH)2 supplied by CDH Pvt. Ltd. 

 

(#calcite, *aragonite) 

Figure 5.4.2c XRD pattern of product CaCO3 using SDS 
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Figure 5.4.2d XRD pattern of product CaCO3 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 CaCO3 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 CaCO3 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 CaCO3 resulting from complete 

carbonation of precipitated CaCO3 sample using CTAB as a foaming agent 
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5.5 Dimensionless correlation for slk  

Solid-liquid mass transfer coefficient has been observed to increase with the increase 

of concentration of CO2 gas, superficial velocity gas, foam height etc, while it reduces 

with initial loading of lime, volume of feed slurry. slk  is also found to depend on 

several other operating variables, viz., sC , l ,
pd 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 slk  estimation. These slk values estimated by the 

two methods were used to test the fitting of the reactor model to the experimental data. 

New slk  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 slk  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: slk , BD , 
pd , cg ,

l
T
B Vm /)0( , h ,

fH , GV , GC , sC ,
eff , l and l  

Number of variables: 13 

Number of dimensions needed to describe the above variables: 4; these are F, M, L 

and θ. 

Number of dimensionless groups that can be formed using above variables =13-4=9 

The variables chosen for core groups are: BD  
pd cg  and 

eff  

The nine dimensionless groups to be formed, denoted by πi (i=1,2,3,……,9), 

can be written as: 

  11 ... sl
s
eff

r
c

q
p

p
B kgdD    

   12 ... f
s
eff

r
c

q
p

p
B HgdD    
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   13 ... hgdD s
eff

r
c

q
p

p
B    

  14 ... s
s
eff

r
c

q
p

p
B CgdD    

  15 ... g
s
eff

r
c

q
p

p
B VgdD    

  16 ... G
s
eff

r
c

q
p

p
B CgdD    

  17 ... l
s
eff

r
c

q
p

p
B gdD    

  18 ... l
s
eff

r
c

q
p

p
B gdD     

  19 /)0(... l
T
B

s
eff

r
c

q
p

p
B VmgdD    

The dimensionless groups obtained are as follows: 

B

psl

D

dk .
1              

leff

B
T
B

V

Dm

.

).0(
2 

                                     
B

pG

D

dV .
3               

 

p

f

d

H
4                            

pd

h
5                                          

eff

Bs DC




.
6                                            

 

eff

Bl D





.

7                      
l

l


 


1

8                                      
eff

BG DC




.
9      

In the correlations described below 

1Y         21 x       32 x     43 x        54 x      65 x   76 x  

87 x       98 x  

1x   to 9x  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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Conclusions 

New mathematical models have been developed for absorption of lean CO2 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 CO2 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 a role 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 initial concentration of NaOH, superficial 

velocity of gas, volume of solution charged into the reactor and concentration of CO2 

gas on conversion of NaOH for the gas-liquid system and, 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  CTAB, SDS and triton X-100 used as 

foaming agents, and, concentration of CO2 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 superficial velocity 

of gas is 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 CO2 

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 slurry/ 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 slurry 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 CaCO3 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 CO2 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-

liquid mass transfer coefficient using the experimental data collected for carbonation 

of hydrated lime slurry as functions of concentration of carbon-dioxide gas, superficial 
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velocity of gas, etc and other variables/parameters studied for collection of 

experimental data. 

   

Recommendations for future work 
 

1. Ionic 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 a foam-

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. 

      (i) The effect of temperature of slurry, reactant gas and that of NaOH feed solution 
on their conversion. 

      (ii) Effect of concentrations, between 50 and 100 volume percent, of CO2 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, especially 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 



Conclusions and Recommendations for future work 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors 166 
 

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 CaCO3 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 03 bd  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 


0

3
0 /

6
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

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
                                                                                         (2A.1)   
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This has been shown to be true for orifice diameters up to 10 x 10-6 m. 

For large liquid viscosities, up to 1000 cp, the following correlation has been proposed 

(Davidson and Schuler, 1960) to be applicable, 
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Intermediate flow rates, QG0 > [20 (doσgc)
5/( gΔρ)2 ρL

3]1/6  but  Reo<2100    (Leibson 

et al., 1956)   
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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:  

(i)     db0 < 0.7 x10-6 m  

The bubbles are spherical and the terminal velocity is given by Stoke’s Law:  

                                                                                                  

           (2A.6) 

(ii)      0.7 mm <dp<1.4 mm
 

The gas within the bubbles circulates and it rises at a faster rate. Specific correlations 

are not available. 

(iii)  1.4 mm <dp< 6 mm:  

The bubbles are not spherical and follow a zigzag path.  

 dp>6 mm: The bubbles have a spherically shaped cap. For low viscosity liquids, 

 

                       

(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 H2CO3. 

The hydration equilibrium constant of carbonic acid is 

 
    Catx
aqCO

COH
K h   251070.1 3
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32                                                                  (2A.8) 
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Only a small fraction of the carbon dioxide is converted to carbonic acid but remains 

as CO2 and not affecting the pH of the solution. 

    Production: For almost all practical purposes, CO2 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.   

(i)  Hydrogen manufacture by steam reforming of petroleum products (ii) NH3 

synthesis (iii) 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 CO2 from its mixture with other gases present as 

impurities 

The most widely used industrial process for the removal of CO2 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 CO2 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.CO2 complex.  

This process has the disadvantage of severe corrosion at elevated temperature 

especially at that part of the tower where CO2 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. CO2 produced by water gas reaction or steam reforming of naphtha is 

separated from H2 preferably with aqueous solution of K2CO3/ KHCO3 rather than 

Na2CO3/ NaHCO3 solution. This is attributed to the fact that larger amount of CO2 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 K2CO3 solution.  
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Although it is possible to remove CO2 to a value as low as 0.1% by volume using 

K2CO3 solution, it has been observed economical to operate the tower for purity levels 

of 1% and greater. CO2 is absorbed under pressure in hot K2CO3 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. 

CO2+H2O ↔ H2CO3 → HCO3
− H+                                                                      (2A.9 i) 

CO2+OH− →  HCO3
−                                                                                          (2A.9 ii) 

Reaction (ii) is known to be faster than (i).  As the reaction involves ion, the rate 

constant 
OHk  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:  

HCO3
−↔H+ + CO3

2−                                                                                          (2A.9 iii) 

H2O ↔ H+ + OH−                                                                                               (2A.9 iv) 

Eliminating the concentration of H+ ions one obtains, 

                       

(2A.10) 

2k is the second ionization constant for carbonic acid and Kw 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:  

hI
H

H

o

log
                                                                                                       (2A.11)
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Where, I is the ionic strength calculated as,  

ii CzI  2

2

1
                                                                                                      (2A.12) 

  And Ghhhh                                                                                             (2A.13)                        

 Physical solvent Processes   

There are several such processes:  

(i)    Rectisol process:  The solvent used is methanol at -60° C. 

(ii) Fluor solvent process: Propylene carbonate, a non-aqueous solvent is used for 

absorption of CO2 gas.  

(iii) Sulfinol process: Tetrahydrothiophene dioxide, an organic solvent is used for the 

absorption of CO2 gas.  

(iv) Selexol process: Dimethyl ether of polyethylene glycol is used for the absorption 

of SO2 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 CO2: (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: CO2 dislodges oil 

trapped in the pores of underground rock. Friction is reduced in presence of CO2 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 CO2 into atmosphere: Among the 

fossil fuels, coal accounts for the maximum quantity of CO2 generated per unit of 

energy produced.  
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 CO2 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 2 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 CO2 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, CO2 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 CO2.  

CCS is a three-step process:  

(i) Capture of CO2 from process or power plants using an MEA absorption tower in 

place of the conventional stack, desorption of CO2 gas and recycling the regenerated 

solvent to the absorber. 

(ii) Transport of the captured and compressed CO2 usually by pipe lines to the storage 

site 

(iii) Underground injection of the CO2, 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  

AD = 2.2595 x 10-5   cm2/s at 30°C 

2k = 1.3981x107 cm3/g mole. s 

0BC = 0.44136 x 10-3 g moles/ cm3 

BD =1.7979 x 10-5 cm2/s 

z=2.0 

CA
*= 0.6914 x 10-7 g moles cm-3 

Conditions for pseudo-first order reaction : 

l

ABOH

k

DCk
Ha
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
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              Ha being much larger than 2 and Ea/ 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 CO2 gas in 

NaOH solution 

Preparation of 0.1 N sodium hydroxide solution 

8.4x10-3 kg of sodium hydroxide pellets were weighed on a watch glass and dissolved 

in approximately 2.0x10-4 m3 of boiled-out distilled water and mixed thoroughly. 

When the pellets dissolved 2x10-3 m3 of volumetric flask make up with distilled water. 

Preparation of 0.1 N solution of hydrochloric acid 

Approximately 18 x10-6 m3 of pure concentrated hydrochloric acid was pipette-out 

and poured into the 2 x10-3 m3 of volumetric flask having 5x10-4 m3 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) 

6.45x10-3 kg oxalic acid weighed and dissolved in 25x10-6 m3 distilled water and 

mixed thoroughly. The solution was make up to 1x10-3 m3 mark. 

Standardization of 0.1 N sodium hydroxide solution 

Sodium hydroxide solution reacts with atmospheric CO2 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 CO3
--. 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: 

      OHaqOCNasOHOCHaqNaOH 24222422 42.2                  (4A.1) 

Standardization of hydrochloric acid 

5x10-5 m3 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. 



APPENDICES 
 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  178 
 

4A.2 Determination of unreacted NaOH concentration in the product solution 

Barium chloride solution was added into the product solution to precipitate CO3
--. The 

barium carbonate was precipitated and the solution was filtered using whattman filter 

paper. Then the solution was titrated against HCl 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 

35105 minNaOHInitial   

   HClNaOH VNVN 2211   

N
V

VN
NaOHofNormality

1

22   

1000

250..
250 1NNaOHofwtEq

solutionmlinNaOHofAmount


  

                                                                            gX  

50

5015

NaOHdneutralizetorequiredHClofvolumeHClofNormality

mlinsinNaOHUnreacted




 

NZ  

1000

250..

15250

ZNaOHofwtEq

timereactionofsaftermlinNaOHunreatedofAmount




 

             gY  

100% 



X

YX
conversion  

4A.4 Preparation and standardization of solutions for carbonation of hydrated 
lime slurry  

Preparation of 0.2 N iodine solution 

About 80 x 10-3 kg of potassium iodide was dissolved in 30 x10-6 m3 of distilled water 

in a 2.0 x 10-3 m3 volumetric flask and shaken thoroughly till complete dissolution. 

About 50.8 x10-3 kg of iodine was then added to the flask. The contents were shaken 
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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 

10-3 kg of A. R. grade crystallized sodium thiosulfate pentahydrate (Na2S2O3.5H2O) in 

about 500 x 10-6 m3 freshly prepared distilled water in a 2.0 x 10-3 m3 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(II) 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 x10-3 kg of potassium dichromate (AR grade) was weighed and 

dissolved in about 250.0 x 10-6 m3 freshly boiled distilled water in a 1.0 x 10-3 m3 

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 10-6 m3 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.  

Standardization of thiosulphate solution 

About 100.0 x 10-6 m3 of freshly boiled distilled water was taken in a 500.0 x 10-6 m3 

conical flask. Approximately 3.0 x10-3 kg of KI and 2.0 x 10-3  kg of sodium hydrogen 

carbonate were added and dissolved thoroughly. About 6.0 x 10-6 m3 of HCl was 

added to this solution. 25.0 x10-6 m3 of potassium dichromate solution of known 

normality was added and the resultant solution was placed in dark for 5 minutes to 

complete the reaction: 

Cr2O7
2- + 6I- +14 H +                                   2 Cr3+ + 3 I2 + 7 H2O                         (4A.2) 



APPENDICES 
 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  180 
 

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 10-6 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 S2O3
2- + I3

-                                         3I- + S4O6
2-                                                          (4A.3) 

About 3.0 x 10-6 to 5.0 x 10-6 m3 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 10-6 m3 of iodine solution was taken in a 500.0 x 10-6 m-3 conical 

flask. About 100.0 x 10-6 m-3 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 10-6 m3 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 lime reactant 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 10-3 kg in a 

glass-stoppered 2.50 x 10-4 m3 conical flask and about 3.0 x 10-5 m3 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 



APPENDICES 
 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  181 
 

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 x10-4 

m3 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 10-5 m3 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 =
  

M

NVV sthbth ,,1.74



                             (4A.5)

                        

Where, Vth,b = Volume of thiosulphate solution required for blank titration   

 Vth,s = Volume of thiosulphate solution required to titrate the excess iodine present  

4A.5.2 Estimation of unreacted lime in 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 10-6 m3 from the product slurry (20.0 x 10-6 m3) 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 10-4 m3, 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 (Vfinal) 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. 

Volume of iodine solution added per 25 ml of slurry = 
2000

)25)(( ,2 addIV
 ml, if the total 

volume of iodine solution added to the slurry is addIV ,2
.  

Again, if for standardization of 25 ml of iodine solution, volume of thiosulphate 

solution needed is thV ml,  

Volume of thiosulfate solution equivalent to the iodine added per 25 ml of slurry  

= ]
2000

25 x 
[

25
,2 addIth

VV
 ml                       (4A.6)                                       

Also, if the total volume of thiosulphate solution required for titration be totthV , , for the 

estimation of excess iodine present in 2000 ml of slurry, then 

Volume of thio required for back titration of 25 ml of slurry = 
2000

)25)(( ,totthV
  ml                          

Therefore, following equation (4A.6) one obtains, 

The mass of unreacted lime present in 500 ml of slurry                                                       

   = (0.741)[ )
2000

25 x 
(

25
,2 addIth

VV

2000

)25)(( ,totthV
](N)                                              (4A.7) 

Mass of unreacted lime present in 2000 ml slurry   = 

(4) (0.741)[ )
2000

25 x 
(

25
,2 addIth

VV

2000

)25)(( ,totthV
](N)                                            (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 10-6 m3 

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 490x10-6 m3 to 500x10-6 m3. Thus, 

the average value of vacuum generated in the bulb is (495x10-6 m3/550x10-6 m3) 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 x10-6 m3. 

The liquid hold-up values at the slurry-foam interface is thus: 39.0 x10-6 m3
 /495x10-6 

m3= 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 

interface at which suction 

was applied (m) × 102 

Volume of liquid sucked into the 

sampling bulb (m3) × 106 

Liquid hold-up εl 

Dimensionless 

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 

Measurement 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 CO2 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 measurement of surface coefficient:  

(i) Preparation of surfactant solution: Saturated solution of calcium hydroxide was 

prepared by mixing about 5.0 x10-3 kg of it in 2.0 x10-4 m3 of hot distilled water in 2.0 

x10-3 m3 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 x10-3 m3. 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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Figure 4C.2 Line diagram of experimental set-up used for measurement of 

Surface transfer coefficient  

Legend 

1-9. Vacuum stop cocks 10-15. Valves  16. Ballast vessel 17. CO2 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 

(ii) 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 CO2 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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(i) 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, Ab = 1.66 × 10-3 m2 

Cross sectional area of manometer tube, At = 3.125 × 10-5 m2 

Total initial volume of gas in reference cell, Vr0 = 2.2803 × 10-4 m3 

Total initial volume of gas in absorption cell, Va0 = 6.0375 × 10-5 m3 

R = 8.314 × 103 (kg. m2)/s2.kmol. 0K 

Ps = 1.03125 × 105 N/m2 

Vms = 22.414 × 10-3 m3/kmol 

Ts = 273 0K 

Pa0 = 1.03125 × 105 N/m2 

Pr0 = 1.03125 × 105 N/m2 

ρm = 1000 kg / m3 

For absorption of gas in saturated lime solution containing 2000 ppm SDS, the 

manometer reading Δhm at 15 sec is 9× 10-3 m. 

Volume of gas in reference cell, Vr = Vr0 + (hm/2) At  

Vr = 2.2803 × 10-4 + (9× 10-3/2)(3.125 × 10-5) = 2.28171 × 10-4 m3. 

Pressure of gas in reference cell, 
r

rr
r V

VP
P 00  

            = (1.03125 × 105)( 2.2803 × 10-4)/ (2.28171 × 10-4) 

            = 101262.28 N/m2 

Pressure of gas in the absorption cell, ghPP mmra   

     = 101262.28 – (0.009)(1000)(9.81) 

     = 101173.98 N/m2 
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Molar volume of gas in absorption cell, 
as

mss
m P

T

T

VP
V   

Vm = (1.03125 × 105)(22.414)(303)/(273)(101173.98) 

 = 24.89 m3/ k mol 

Volume of gas in absorption cell after time ta, ))(2/(0 tmaa AhVV   

Va = 6.0375 × 10-5 – (0.009/2) (3.125 × 10-5) = 6.0234 × 10-5 m3 

Volume of gas absorbed during 15 sec, Vab = (n0- nta) VMG 

  MGaaaaab VVPVP
RT

V  00

1
 

 = 2.3043 × 10-7 m3 

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  

(s) 

Volume of gas absorbed (m3) × 106 

(without any surfactant) 

Volume of gas absorbed (m3)× 

106(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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APPENDIX 5A 

                                            SAMPLE CALCULATIONS 

5A.1 Sample calculation for NaOH-CO2 system 

CO2 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 CO2 is required. 

Since, solubility of CO2 varies with the ionic strength of NaOH solution, the batch of 

NaOH fed to the reactor will have a particular solubility value for CO2 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 CO2 

both at the start of experiment as well as at the end of reactor operation are estimated. 

Solubility of CO2 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) PAb at reactor inlet: 3.588 x 10-3 atm (QCO2: 3 cm3 s-1    Q air: 833  cm3 s-1) 

     (Gas phase resistance has been neglected and PAb = PAi) 

     Experimental conversion-time data are found to be linear. 
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B. Solubility of  CO2 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 

g s-1 

Moles NaOH reacted  = 15109.9  sgmol  

Moles of CO2 reacted  = 151095.4  sgmol  

Volume of CO2 reacted         

pressureatmandCatscm 101088.1224001095.4 135    

                        
 

pressureatmandCatcm 1302307.1
273

3031088.1 3 


  

Partial pressure of CO2 at reactor exit =
 

atm00212.0
7693.1833

2307.13





 

 Avg. partial pressure of CO2 in the column, 
 

2

00212.0003589.0
,


avgAiP

atm002854.0  

Average CAi  in the column at the start of experiment, angAiAi PHC ,.  

                               375 10745.0002854.0106089.2   cmgmol   

 

Details of calculation of H is shown below: 

      Ionic Effect on solubility: 

      hI
H

H

w









10log        (Eqn. 3.19)  

       1357.002133.0066.0091.0   whhhh   (Eqn.3.25) 

                 5.015.015.0
2

1

2

1 222   ii CzI         (i =1 for Na+ and i =2 for OH-) 

                                                          (Eqn. 3.20) 

      2510885.7059.0117.4log TTH w
              (Eqn. 3.22) 

        = 3.014 x 10-7 kmol m-3 Pa-1 = 3.05 x 10-5 g mol cm-3 atm-1 (for T = 303 °K) 



APPENDICES 
 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  193 
 

       06785.0log10 








wH

H
 

      tofstarttheatatmcmmolgH exp106089.285536.01005.3 1355    

C. Solubility of CO2 in the reaction mass in the bubble column at the end of batch 

reactor operation 

 

Conversion after 120 sec = 17.86% 

Mass of NaOH remaining unreacted in the product solution = 4.265-0.7617 = 

3.5033 g  

Normality of NaOH in the product solution= 0.35 (N) 

h= 0.1357  I=0.35 (calculations performed as in ‘B’ above) 

0475.0log10 








wH

H
 

8964.0








wH

H
 

     
 tofendtheat

atmcmmolgHH w

exp

10734.28964.01005.38964.0 1355  
 

Solubility of CO2 at the end of batch reactor operation (when normality of NaOH 

in solution is 0.35 N) at 30℃ 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. 

D.     Reactor Simulation 

Experimental conditions 

Normality of NaOH feed solution: 0.426 (N)           

Volume of feed solution: 250 cm3            

Mass of NaOH in feed solution = 4.2652 g,      

QCO2=  0.192 lpm,          

 Qair =  50 lpm  
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Physico-chemical data 

 

Cross-sectional area of column = 86.54 cm2    

No of holes on the distributor plate = 31 

Superficial velocity of gas =9.66 cm s-1  

Gas holdup = 0.29             (Shulman and Molstad,1950) 

Diffusion coefficient of carbon-dioxide in liquid phase = 2.2595 x 10-5 cm2/s 

Partial pressure of component A at reactor inlet: 0.0038 atm. 

Reaction rate constant at 30 C, 2k = 1.398 x 107 cm3g mol-1 atm-1     (Eqn. 3.23) 

2BAR  

cmu gle 41.23sin          (Eqn. 3.30) 

cmuswarm 52.13         (Eqn. 3.29) 

db0 = 0.573 cm 

su
dt

swarm

b
c 042.00   

Residence time of bubble in column = s
u

h

swarm

d 3.0  

Height of dispersion, hd = 4.07 cm 

10 026.0  scmk avgl  

 Density of feed solution = 1.02 x 10-3 g cm-3 

Viscosity of liquid, 1101.0  scmgl  

Surface tension of liquid, 72 dyne cm-1 

 

In the present work, the theoretical predictions of conversion-time data have been 

assumed to follow a linear trend. A value of CAi in the bubble column is required for 

the reactor simulation. The average value of CAi at the start of experiment, found to be 

0.745 x 10-7 gmol cm-3 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 CAi = 0.7694 x 

10-7 gmol cm-3.  
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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 

(figure 5.1.1a) 

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate:  833 x10-6 m3/s 

Normality of NaOH solution= 0.87 (N) 

Normality of HCl solution= 0.49 (N) 

Volume of NaOH solution= 2.5 x10-4 m3  

Foam height: none 

Surfactant:  none 

Time of 

reaction 

(s) 

HCl consumed, 

(m3)× 106 

Unreacted NaOH 

(kg) × 103 

Percent Conversion 

 

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 

(figure 5.1.1a)  

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution= 0.43 (N)  
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Normality of HCl solution= 0.49 (N)  

Volume of NaOH solution = 2.5X10-4 m3  

Foam height: none 

Surfactant: none 

Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

 

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 35.4 3.5032 17.86 16.80 

 

Table 5B.1.3 Effect of concentration of sodium hydroxide (0.23 N) on conversion 

(figure 5.1.1a) 

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution= 0.23 (N) 

Normality of  HCl solution= 0.50 (N) 

Volume of NaOH solution = 2.5X10-4 m3 

Foam height: none 

Surfactant: none 

Time  of 

reaction 

(s) 

HCl consumed  

(m3)× 106 

Unreacted NaOH 

(kg x 103) 

Percent Conversion 

 

Experimental Theoretical 

0 22.9 2.2662 0.00 0.00 

15 22.3 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 

(figure 5.1.1b)  

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution= 0.22 (N) 

Normality of HCl solution= 0.49 (N)  

Volume of NaOH solution = 2.5X10-4 m3 

Foam height: 0.2 m  

Surfactant: C-TAB 

Time of 

reaction 

(s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

Experimental Theoretical 

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 

(figure 5.1.1b) 

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
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Air flow rate: 833 x10-6 m3/s 
Normality of NaOH Solution= 0.44 (N) 

Normality of HCl solution= 0.50 (N)  

Volume of NaOH solution = 250 x10-6 m3 

Foam height: 0.2 m  

Surfactant: C-TAB 

Time of 

reaction 

(s) 

HCl consumed 

(m3)× 106 

Unreacted 

NaOH (kg) x 

103 

Percent Conversion 

Experimental Theoretical 

0 44.6 4.4136 0.00 0.00 

15 43.5 4.3048 2.47 2.91 

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 

(figure 5.1.1b) 

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate:  833 x10-6 m3/s 

Normality of NaOH solution=0.89 (N) 

Normality of HCl= 0.49 (N)  

Volume of NaOH solution = 2.5 x10-4 m3 

 Foam height: 0.2 m  

Surfactant: C-TAB 

Time of 
reaction 

(s) 

HCl consumed 
(m3)× 106 

Unreacted NaOH 
(kg) x 103 

Percent Conversion 
 

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 (4.35x10-2 m/s) on conversion 

(figure 5.1.2a) 

Gas flow rate: 

CO2 flow rate: 1.8 x10-6 m3/s 
Air flow rate: 375 x10-6 m3/s 

Normality of NaOH solution= 0.23 (N) 

Normality of HCl solution = 0.49 (N)  

Volume of NaOH solution = 250 X10-6 m3 

Foam height: none  

Surfactant: none 

Time of 

reaction 

(s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

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 (7.75x10-2 m/s) on conversion 

(figure 5.1.2a) 

Gas flow rate: 

CO2 flow rate: 3.33 x10-6 m3/s 
Air flow rate:  666.67 x10-6 m3/s 

Normality of NaOH solution= 0.23 (N) 

Normality of HCl = 0.49 (N)  

Volume of NaOH solution = 250 X10-6 m3  

Foam height: none  

Surfactant: none 

Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

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 35.4 3.5032 19.65 20.01 

 

Table 5B.3.3 Effect of superficial velocity of gas (9.67x10-2 m/s) on conversion 

(figure 5.1.2a) 

Gas flow rate: 

CO2 flow rate: 4.34 x10-6 m3/s 
Air flow rate:  833.0 x10-6 m3/s 

Normality of NaOH solution=0.23 (N) 

Normality of HCl = 0.49 (N) 

Volume of NaOH solution = 250 x 10-6 m3  

Foam height: none  

Surfactant: none 
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Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

Experimental Theoretical 

0 44.6 4.4136 0 0.00 

15 42.6 4.2157 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 gas on conversion of sodium 

hydroxide (NaOH= 0.44 N) (figure 5.1.2b) 

Gas flow rate: 

CO2 flow rate: 1.8 x10-6 m3/s 
Air flow rate: 375 x10-6 m3/s 
Superficial velocity of gas: 4.35x10-2 m/s 

Normality of NaOH solution = 0.44 (N) 

Normality of HCl =0.49 (N)  

Volume of NaOH solution = 2.5 x10-4 m3  

Foam height: 0.2 m  

Surfactant: C-TAB 

Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted 

NaOH (kg) x 103

Percent Conversion 

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 gas on conversion of sodium hydroxide 

(NaOH= 0.44 N) (figure 5.1.2b) 

Gas flow rate: 

CO2 flow rate: 3.33 x10-6 m3/s 
Air flow rate: 667 x10-6 m3/s 
Superficial velocity of gas: 7.75 x10-2 m/s 

Normality of NaOH solution = 0.44 (N) 

Normality of HCl = 0.49 (N) 

Volume of NaOH solution = 2.5 x10-4 m3  

Foam height: 0.2 m 

Surfactant: C-TAB 

Time of 

reaction (s) 

HCl 

consumed 

(m3)× 106 

Unreacted NaOH 

(kg) × 103 

Percent Conversion 

Experimental Theoretical 

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 gas on conversion of sodium 

hydroxide (NaOH= 0.44 N) (figure 5.1.2b) 

Gas flow rate: 

CO2 flow rate: 4.1 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 
Superficial velocity of gas: 9.66x10-2 m/s 

Normality of NaOH solution =0.44 (N) 

Normality of HCl = 0.49 (N) 
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Volume of NaOH solution = 2.5 x10-4 m3 

Foam height: 0.2 m 

Surfactant: C-TAB 

Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

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 

 

Table 5B.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: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution = 0.44 (N) 

 Normality of HCl = 0.49 (N)  

Volume of NaOH solution = 2.5 x10-4 m3  

Foam height: 0.2 m 

Surfactant: C-TAB 

Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) × 103 

Percent Conversion 

Experimental Theoretical 

0 44.6 4.4136 0.00 0.00 

15 43.5 4.3048 2.47 2.91 



APPENDICES 
 

Analyses of gas-liquid and gas-liquid-solid foam-bed reactors  204 
 

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 (figure 5B.1.3) 

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution = 0.44 (N) 

Normality of HCl = 0.49 (N)  

Volume of NaOH solution = 3.5 x10-4 m3  

Foam height: 0.2 m 

Surfactant: C-TAB 

Time of 

reaction 

(s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) × 103 

Percent Conversion 

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: 

CO2 flow rate: 3.0 x10-6 m3/s 
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Air flow rate: 833 x10-6 m3/s 
Normality of NaOH solution = 0.44 (N)  

Normality of HCl = 0.49 (N)  

Volume of NaOH solution = 5.0 x10-4 m3 

Foam height:  0.2 m 

Surfactant: C-TAB 

Time of 

reaction (s) 

HCl consumed 

(m3)× 106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

Theoretical Experimental

0 44.9 8.8866 0 0 

15 44.3 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 CO2 solution: 2.16x10-3atm 

Gas flow rate: 

CO2 flow rate: 1.8 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution= 0.44 (N) 

Normality of HCl = 0.49 (N) 

Volume of NaOH solution = 2.5 x10-4 m3 

 Foam height: 0.2 m  

Surfactant: C-TAB 

Time of HCl consumed Unreacted NaOH Percent Conversion 
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reaction (s) (ml) (kg) x 103 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 38.3 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 CO2 gas: 3.59 x10-3 atm 

Gas flow rate: 

CO2 flow rate: 3.0 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution= 0.44 (N) 

Normality of HCl = 0.49 (N)  

Volume of NaOH solution = 2.5 x10-4 m3 

 Foam height: 0.2 m 

 Surfactant: C-TAB 

Time of 

reaction (s) 

HCl consumed 

(m3) x106 

Unreacted NaOH 

(kg) x 103 

Percent Conversion 

Experimental Theoretical 

0 44.6 4.4136 0 0 

15 43.5 4.3048 2.47 2.91 

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 
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Table 5B.6.3 Effect of concentration of Carbon-dioxide gas on conversion of 

sodium hydroxide (figure 5B.1.4) 

Partial pressure of CO2 : 4.90 x10-3 atm 

Gas flow rate: 

CO2 flow rate: 4.1 x10-6 m3/s 
Air flow rate: 833 x10-6 m3/s 

Normality of NaOH solution= 0.44 (N) 

Normality of HCl = 0.49 (N)  

Volume of NaOH solution = 2.5 x10-4 m3 

Foam height: 0.2 m  

Surfactant: C-TAB 

Time of 
reaction 

(s) 

HCl consumed 
(ml) 

Unreacted NaOH 
(kg) x 103 

Percent Conversion 

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 l 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 CO2 rotameter by volume-displacement method 

Rotameter reading, lpm (m3/s) Measured (by displacement of water) 
gas flow rates, lpm (m3/s) 

2.0 (3.33 x 10-4) 2.15 (3.58 x 10-4) 
3.0 (5.0 x 10-4) 3.25 (5.41 x 10-4) 
4.0 (6.66 x 10-4) 4.3 (7.16 x 10-4) 
5.0 (8.33 x 10-4) 5.4 (9.02 x 10-4) 
8.0 (13.33 x 10-4) 8.6 (14.33 x 10-4) 

 

 

Figure 5C.1.1 Calibration of rotameter for CO2 by volume-displacement 

method 
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Table 5C.1.2 Calibration of air rotameter by volume-displacement method 

Rotameter reading, lpm (m3/s) Measured (by displacement of water) 

air flow rates, lpm (m3/s) 

5.0 (8.33 x 10-4) 5.3 (8.33 x 10-4) 

8.0 (13.33 x 10-4) 8.4 (14.0 x 10-4) 

10.0 (16.66 x 10-4) 10.7 (17.83 x 10-4) 

18.0 (30.0 x 10-4) 18.9 (31.5x 10-4) 

27.0 (45.0 x 10-4) 29.0 (48.33 x 10-4) 

 

 

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 Determination, R2 

The R2 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 R2 can 

determine by the following relation:  

y = 1.072x ‐ 0.140
R² = 0.999
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APPENDIX 5D 

SAMPLE CALCULATIONS 

5D.1  Sample calculation for verification of gas-liquid-solid Ca(OH)2-CO2 system 

reactor model for its finding out its agreement with the experimental data 

A. Experimental conditions 

i. Temperature= 30°C 

ii. Total Initial loading of hydrated lime,  0T
Bm = 5.0 x 10-3,10 x 10-3 & 15 x 10-3, 

kg 

iii. Bulk pressure of carbon di-oxide at reactor inlet, AbP : 0.25, 0.5 & 0.1 atm  

iv. Superficial velocity of gas, GV = 3.847 x10-2 , 5.77 x10-2 & 7.70 x10-2 m/s 

v. Flow rate of CO2, 
2COQ =0.33 x 10-4, 0.5 x 10-4 & 0.67 x 10-4 m3/s 

vi. Flow rate of air, airQ = 3.0 x 10-4, 4.5 x 10-4 & 6.0 x 10-4 m3/s 

vii. Volume of slurry charged initially into the reactor, slV = 2.5 x10-4, 3.5 x 10-4 & 

5.0 x10-4 m3 

viii. Foam height, Hf = 0.2, 0.4 & 0.6 m  

ix. Radius of the reactor column, Cr =5.25 x10-2 m 

x. Number of holes in the distributor plate, NH =31 

xi. Average liquid holdup in the foam section, l = 1.06 x10-2 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 

i. Diffusion Coefficient for A in liquid at 30° C, AD = 2.2024 x 10-9 m2/s 

ii. Diffusion Coefficient for B in liquid at 30° C, BD = 1.7979 x 10-9 m2/s 

iii. Acceleration due to gravity, g = 9.81 m s-2 

iv. Solubility of hydrated lime in water at 30°c, *
BC = 2.0664 x10-2 k mol/m3 

v. Second order rate constant for the system, 2k = 1.24 x104 m3/ (kmol .s) 
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vi. Henry's constant for gas absorption in aqueous solution at 30℃, H = 2.6089 x 

10-5 gmol/(cm3 atm) 

Estimation of bubble radius, 0br : 

The volume of bubbles formed in a foam bed reactor is calculated using expression given 

by Kumar and Kuloor, 1970: 

  6.0

2.1
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The average radius of bubbles is obtained as: 
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Time of contact of gas with the liquid films in the foam bed, *
ct : 
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G
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5D.1.1 Sample calculation for conversion of Ca(OH)2 in foam-bed reactor from    

experimental data 

 Sample calculation for conversion of hydrated lime using experimental data for 20 

kg/m3 initial loading of hydrated lime in a 0.4 m foam column for 300s using SDS as 

the foaming agent (ref: table 5E.2.1) are given below: 

Initial weight of hydrated lime in 2.5 x 10-4 m3 of water = 5.0052x 10-3 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 10-6 m3 of iodine solution = 58.9 

x 10-6  m3 

  Reaction time = 300 s 

 Volume of iodine added to the product slurry = 230 x 10-6 m3  

Total volume of thiosulphate solution required for neutralization of the excess iodine 

present in 2.0 x 10-3 m3 of slurry= 78.9 x 10-6 m3 
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Mass of unreacted calcium hydroxide present in 500 ml slurry =   

                  N
VVV totthaddIth
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=1.68823×10-3 kg 

Mass of Ca(OH)2  retained in the beaker (not transferred, N.T.)= 
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= 64.23% 

5D.1.2 Sample calculation for conversion of Ca(OH)2 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 5E.2.1). 

100
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Conversion obtained experimentally = 64.23% 
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APPENDIX 5E 

5E. Experimental data for carbonation of hydrated lime in bubble-column and 

slurry-foam reactor  

5E.1 Bubble-column reactor 

Table 5E.1.1 Effect of initial loading (20 kg/m3) on conversion of hydrated lime 
(Figure 5.3.1a) 

Sample Batch No.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Volume of solvent in slurry = 2.5 x 10-4 m3 

     Volume of thio solution required for titration against 25 ml I2 solution =54.9 x 10-6m3 

Surfactant: none                                   Normality of thiosulfate solution =0.98N 

Foam height: none                                

Time 

 (s) 

Initial 

mass of 

sample 

in feed 

slurry 

(kg)x103 

Vol of I2 

solution  

added to 

prod 

slurry (

2Iv ) 

(m3)x106 

 

Vol of 

Thio soln 

req for 

excess I2 in 

prod slurry 

 th ,totV  

(m3) x106 

Mass of 

Ca(OH)2 

retained 

in the 

beaker  

(kg)x103 

Mass of 

unreacted 

Ca(OH)2 

in prod 

slurry 

(WB)
 

(kg) x103 

Percent     

conversion 

 

Expt Theory 

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 75.21 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/m3) on conversion of hydrated lime 

(Figure 5.3.1a) 

Sample Batch No.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.9 x 10-6m3 

Surfactant: none                         Normality of thiosulphate solution =0.98N 

Foam height: none                       

Time 

 (s) 

Initial 

mass of 

sample 

in feed 

slurry 

(kg)x103 

Vol of I2 

solution  

added to 

prod 

slurry (

2Iv ) 

(m3)x106 

 

Vol of 

Thio soln 

req for 

excess I2 in 

prod slurry 

 th ,totV  

(m3) x106 

Mass of 

Ca(OH)2 

retained 

in the 

beaker  

(kg)x103 

Mass of 

unreacted 

Ca(OH)2 

in prod 

slurry 

(WB)
 

(kg) x103 

Percent     

conversion 

 

Expt Theory 

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 79.36 77.85 

 

Table 5E.1.3 Effect of initial loading (60 kg/m3) on conversion of hydrated lime 

(figure 5.3.1a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Volume of solvent in slurry = 2.5 x 10-4 m3 
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    Volume of thio solution required for titration against 25 ml I2 solution=54.9 x 10-6m3 

Surfactant: none                             Normality of thiosulfate solution =0.98N 

Foam height: none 

Time 

 (s) 

Initial 

mass of 

sample 

in feed 

slurry 

(kg)x103 

Vol of I2 

solution  

added to 

prod 

slurry (

2Iv ) 

(m3)x106 

 

Vol of 

Thio soln 

req for 

excess I2 in 

prod slurry 

 th ,totV  

(m3) x106 

Mass of 

Ca(OH)2 

retained 

in the 

beaker  

(kg)x103 

Mass of 

unreacted 

Ca(OH)2 

in prod 

slurry 

(WB)
 

(kg) x103 

Percent     

conversion 

 

Expt Theory 

600 15.0431 1200 76.5 0.0186 9.9778 29.91 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/m3) on conversion of hydrated lime (figure 

5.3.1b) 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6m3 

   Surfactant: SDS (4000 ppm)                  Normality of thiosulfate solution =0.09842N 

Foam height: 0.4 m                                
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Time 
(s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of 
I2 

solution  
added to 

prod 
slurry (

2Iv ) 

(m3)x10
6 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) 
x103 

Percent     
conversion 

 

Expt 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 97.32 99.24 

*Average weight of calcium hydroxide 

Table 5E.2.2 Effect of initial loading (40 kg/m3) on conversion of hydrated lime 

(figure 5.3.1b) 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 m3 

Surfactant: SDS (4000 ppm)              Normality of thiosulfate solution =0.098N 

Foam height: 0.4 m                              

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2Iv ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
180 10.0444* -------- -------- -------- -------- 

 
------- 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 
 

73.24 72.5 
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/m3) on conversion of hydrated lime 

(figure 5.3.1b) 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Volume of solvent in slurry = 2.5 x 10-4 m3 

   Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 m3 

Surfactant: SDS (4000 ppm)                Normality of thiosulfate solution = 0.098N        

Foam height: 0.4 m                              

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod slurry 
(

2Iv ) 

(m3)x106 
 

Vol of Thio 
soln req for 
excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained in 
the beaker 
(kg)x103 

Mass of 
unreacted 

Ca(OH)2 in 
prod slurry 

(WB)
 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
180 15.0196* -------- -------- -------- -------- 

 
------- 23.34 

300 15.0092 1100 70.2 0.0208 9.1942 35.26 37.81 
480 15.0196* -------- -------- -------- -------- ------- 55.96 
600 15.0659 550 75.5 0.0304 4.4498 68.76 65.26 
720 15.0196* -------- -------- -------- -------- ------- 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 10-2 m/s) on conversion of 

hydrated lime (figure 5.3.2a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial solids loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.9 x 10-6 m3 

Surfactant: none                 Normality of thiosulfate solution =0.1N 

Foam height: none 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod slurry 
(

2Iv ) 

(m3)x106 
 

Vol of Thio 
soln req for 
excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained in 
the beaker 
(kg)x103 

Mass of 
unreacted 

Ca(OH)2 in 
prod slurry 

(WB)
 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

300 10.0359 
-------- 

-------- -------- -------- ------- 19.57 

600 10.0548 760 85.6 0.0214 
6.1838 

34.95 34.54 

900 10.0359* 
-------- 

-------- -------- 
 

------- 45.62 

1200 10.0054 540 90.3 0.0231 
4.2863 

54.68 53.61 

1500 10.0359* 
-------- 

-------- -------- 
 

------- 59.81 

1800 10.0610 450 98.7 0.0336 
3.4864 

63.30 64.75 

2100 10.0359* 
-------- 

-------- -------- -------- ------- 68.84 
2400 10.0347 350 100.5 0.01939 2.6251 72.34 72.288 

2700 10.0359* 
-------- 

-------- -------- -------- ------- 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 10-2 m/s) on conversion of 

hydrated lime (Figure 5.3.2a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.5 x 10-4 m3 /s 
Air flow rate: 4.5 x 10-4 m3 /s 

Initial solids loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Surfactant: none                       Normality of thiosulfate solution =0.1N 

Foam height: none 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2Iv ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

300 10.0145* 
-------- 

-------- -------- -------- ------- 38.51 
600 10.0098 540 60.7 0.0189 4.1446 56.22 56.60 

900 10.0145* 
-------- 

-------- -------- -------- ------- 67.08 
1200 10.0231 350 70.5 0.0279 2.5709 72.85 74.24 

1500 10.0145* 
-------- 

-------- -------- -------- ------- 79.50 
1800 10.0076 260 75.4 0.0205 1.8245 80.72 83.42 

2100 10.0145* 
-------- 

-------- -------- -------- ------- 86.47 
2400 10.0053 190 95.7 0.0271 1.1829 87.49 88.96 

2700 10.0145* 
-------- 

-------- -------- -------- ------- 90.98 
3000 10.0269 150 95.3 0.0188 0.8607 90.92 92.59 

*Average weight of calcium hydroxide 

Table 5E.3.3 Effect of superficial gas velocity (7.78 x 10-2 m/s) on conversion of 

hydrated lime (Figure 5.3.2a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 
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CO2 gas flow rate: 0.666 x 10-4 m3 /s 
Air flow rate: 6.0 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Surfactant: none                    Normality of thiosulfate solution =0.1N 

Foam height: none 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2Iv

) 
(m3)x106 

 

Vol of 
Thio soln 
req for 

excess I2 
in prod 
slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

300 10.0145* 
-------- 

-------- --------      -------- ------- 46.06 
600 10.0087 450 30.8 0.0289 3.5272 62.70 64.12 

900 10.0145* 
-------- 

-------- -------- -------- ------- 74.27 
1200 10.0256 230 43.5 0.0279 1.6999 82.05 80.95 

1500 10.0145* 
-------- 

-------- -------- -------- ------- 85.54 
1800 10.0276 150 51.2 0.0306 1.0241 89.19 88.97 

2100 10.0145* 
-------- 

-------- -------- -------- ------- 91.57 
2400 10.0074 100 65.4 0.0271 0.5667 94.00 93.48 

2700 10.0145* 
-------- 

-------- -------- -------- ------- 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 10-2 m/s) on conversion of 

hydrated lime (Figure 5.3.2a) 

Sample Batch No.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 3.33 x 10-5 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 
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Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6m3 

Surfactant: SDS (4000 ppm)     Normality of thiosulfate solution =0.98N 

Foam height: 0.4 m 

 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2Iv ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
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 
 

73.24 72.5 
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.4.2 Effect of superficial gas velocity (5.77 x 10-2 m/s) on conversion of hydrated 

lime (Figure 5.3.2b) 

 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.5 x 10-4 m3 /s 

Air flow rate: 4.5 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 m3 

Surfactant: SDS (4000 ppm)    Normality of thiosulfate solution =0.098N 

Foam height: 0.4 m 
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Time 

 (s) 

Initial 

mass of 

sample 

in feed 

slurry 

(kg)x103 

Vol of I2 

solution  

added to 

prod 

slurry (

2Iv ) 

(m3)x106 

 

Vol of 

Thio soln 

req for 

excess I2 in 

prod slurry 

 th ,totV  

(m3) x106 

Mass of 

Ca(OH)2 

retained 

in the 

beaker  

(kg)x103 

Mass of 

unreacted 

Ca(OH)2 

in prod 

slurry 

(WB)
 

(kg) x103 

Percent     

conversion 

 

Expt Theory 

 
180 10.0444* -------- -------- 

-------
- -------- ------- 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 99.10 99.33 

*Average weight of calcium hydroxide 

 Table 5E.4.3 Effect of superficial gas velocity (7.7 x 10-2 m/s) on conversion of 

hydrated   lime   (Figure 5.3.2b) 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.666 x 10-4 m3 /s 

Air flow rate: 6.0 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=56.7 x 10-6m3 

Surfactant: SDS (4000 ppm)               Normality of thiosulfate solution =0.98N 

Foam height: 0.4 m  

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2Iv

) 
(m3)x106 

 

Vol of 
Thio soln 
req for 

excess I2 
in prod 
slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) 
x103 

Percent     
conversion 

 

Expt Theory 
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180 10.0322* -------- 

-------- ------
- -------- ------- 59.19 

300 10.0039 320 100.8 0.0197 2.2789 75.91 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 0.3727 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 10-4 m3) on conversion of hydrated lime 

(Figure 5.3.3a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.9 x 10-6m3. 

Surfactant: none                    Normality of thiosulfate solution =0.1N 

Foam height: none  

Time 
(s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of 
I2 

solution  
added to 

prod 
slurry (

2Iv ) 

(m3)x10
6 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) 
x103 

Percent     
conversion 

 

Expt 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 97.32 99.24 
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     *Average weight of calcium hydroxide 

Table 5E.5.2 Effect of slurry volume (3.5 x 10-4 m3) on conversion of hydrated lime 

(figure 5.3.3a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 28 kg/ m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.6 x 10-6 
m3. 

Surfactant: none                   Normality of thiosulfate solution =0.1N 

Foam height: none 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2Iv ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

300 7.0287* ------- ------- -------- ------- ------- 27.47 
600 7.0234 530 70.9 0.0292 4.2715 35.53 41.28 
900 7.0287* ------- ------- ------- ------- ------- 50.44 
1200 7.0086 370 76.4 0.0339 2.8839 56.35 57.06 
1500 7.0287* ------- -------  ------- ------- 62.28 
1800 7.0964 300 82.1 0.0302 2.2648 66.17 66.49 
2100 7.0287* ------- ------- -------- ------- ------- 70.04 
2400 7.0053 260 90.7 0.0340 1.8916 71.36 73.08 

2700 7.0287* ------- ------- -------- ------- ------- 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 10-4 m3) on conversion of hydrated lime 

(figure 5.3.3a) 

Sample Batch No: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
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Air flow rate: 3.0 x 10-4 m3 /s 
Initial loading = 40 kg/ m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.6 x 10-6 m3. 

Surfactant: none               Normality of thiosulfate solution =0.1N 

Foam height: none 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

300 10.0353* ------- ------- -------- ------- ------- 22.63 
600 10.0099 850 30.6 0.023593 7.1536 24.39 34.17 
900 10.0353* ------- ------- ------- ------- ------- 42.78 
1200 10.0436 670 35.2 0.021405 5.5983 41.04 49.21 
1500 10.0353* ------- ------- ------- ------- ------- 54.26 
1800 10.0618 470 43.6 0.020584 3.8582 59.45 58.48 
2100 10.0353* ------- ------- ------- ------- ------- 62.06 
2400 10.0352 380 50.5 0.023319 3.0638 67.70 65.13 

2700 10.0353* ------- ------- -------- ------- ------- 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 10-4m3) on conversion of hydrated lime 

(figure 5.3.3b) 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 m3 

Surfactant: SDS (4000 ppm)                 Normality of thiosulfate solution =0.98N 

Foam height: 0.4 m 
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Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 
in prod 
slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) 
x103 

Percent     
conversion 

 

Expt Theory 

 
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* -------- -------- -------- -------- ---------- 
 

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 10-4m3) on conversion of hydrated lime 

(Figure 5.3.3b) 

Sample Batch No.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s  

Initial loading = 28 kg/ m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 

m3 

Surfactant: SDS (4000 ppm)              Normality of thiosulfate solution =0.1004N 

Foam height: 0.4 m 

 

Time 
 (s) 

Initial 
mass of 
sample 

Vol of I2 

solution  
added to 

Vol of 
Thio soln 
req for 

Mass of 
Ca(OH)2 
retained 

Mass of 
unreacted 
Ca(OH)2 

Percent     
conversion 
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in feed 
slurry 
(kg)x103 

prod 
slurry (

2I
v ) 

(m3)x106 
 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

in the 
beaker  
(kg)x103 

in prod 
slurry 
(WB)

 

(kg) x103 

Expt Theory 

 
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 2.3097 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 10-4m3) on conversion of hydrated lime 

(figure 5.3.3b) 

Sample Batch No.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 

m3 

Surfactant: SDS (4000 ppm)            Normality of thiosulfate solution =0.1004N 

Foam height: 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
180 10.0064* 

-------- 
-------- -------- -------- 

 
------- 26.48 

300 10.0011 700 80.7 0.0315 5.7195 39.45 36.38 

480 10.0064* 
-------- 

-------- -------- -------- ------- 47.03 
600 10.0042 520 90.8 0.0304 4.1363 56.23 52.18 

720 10.0064* 
-------- 

-------- -------- -------- ------- 56.45 
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900 10.0120 430 100.3 0.0253 3.3284 64.82 61.73 

1200 10.0063 
360 

110.5 0.0304 2.6898 71.54 68.45 

1500 10.0083 300 120.9 0.0303 2.1365 77.40 
 

73.57 
    *Average weight of calcium hydroxide 

 

5E.7 Foam-bed reactor 

Table 5E.7.1 Effect of foam height (0.2 m) on conversion of hydrated lime (figure 

5.3.4) 

Sample batch no.: 03097 (Make: CDH) 

Gas flow rate: 

CO2 gas flow rate: 3.33 x 10-5 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.6 x 10-6m3 

Surfactant: SDS (4000 ppm)              Normality of thiosulfate solution =0.1004N 

 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
180 10.0231* -------- -------- 

-------
- -------- ------- 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 57.91 55.16 
720 10.0231* -------- -------- ---------- -------- ------- 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 5E.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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CO2 flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 40 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 m3 

Surfactant: SDS (4000 ppm)            Normality of thiosulfate solution =0.1004N 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
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 
 

73.24 72.5 
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: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading: 40 kg/ m3 

Volume of solvent in slurry: 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=58.9 x 10-6 m3 

Surfactant: SDS (4000 ppm)               Normality of thiosulfate solution =0.1004N 
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Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

 
180 10.0359* -------- -------- 

-------
- -------- ------- 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 93.84 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.: MH0M601992 (Make: MERCK) 
Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading: 20 kg/ m3 

Volume of solvent in slurry: 2.5 x 10-4 m3 
Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Surfactant concentration: 4000 ppm     Normality of thiosulfate solution =0.1004N 

Foam height: 0.4 m 
 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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* -------- -------- --------- -------- ------- 51.49 
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180 5.0102 200 100.3 0.0222 1.2517 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.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 

m3 

Surfactant concentration: 540 ppm         Normality of thiosulfate solution =0.106N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

30 5.0098 560 40.9 0.0173 4.1148 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 0.2773 94.13 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.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 m3 

Surfactant concentration: 960 ppm       Normality of thiosulfate solution =0.1004N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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 69.37 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 5E.9.1 Effect of concentration of surfactant (SDS) on conversion of hydrated lime 

(figure 5.3.6) 

Sample batch no.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 3.33 x 10-5 m3 /s 
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Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: 2000 ppm                

Normality of thiosulfate solution:0.1004N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

30 5.0079 520 30.8 0.0228 4.1099 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.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: 4000 ppm     

Normality of thiosulfate solution:0.1004N 

Foam height = 0.4 m 
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Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg)x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 
Expt Theory 

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* -------- -------- --------- -------- ------- 51.49 
180 5.0102 200 100.3 0.0222 1.2517 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.9.3 Effect of concentration of surfactant (SDS) on conversion of hydrated lime 

(Figure 5.3.6) 

Sample batch no.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: 8000 ppm   Normality of thiosulfate solution:0.1004N 

 Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
x10-3 

(kg) 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

30 5.0187 470 40.8 0.0309 3.6665 22.43 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 0.9817 79.22 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 0.2018 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.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: 16000 ppm Normality of thiosulfate solution:0.1004N 

 Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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 2.2851 52.27 52.90 
240 5.0298* -------- -------- --------- -------- ------- 62.61 
300 5.0135 230 74.8 0.0289 1.5903 66.32 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.: MH0M601992 (Make: MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: 200 ppm      Normality of thiosulfate solution:0.106N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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* -------- -------- --------- -------- ------- 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* -------- -------- --------- -------- ------- 76.95 
600 5.0316 180 111.3 0.0284 0.9371 80.23 80.97 
720 5.0384* -------- -------- --------- -------- ------- 83.88 
900 5.0631 110 123.6 0.0264 0.3544 92.58 87.14 

*Average weight of calcium hydroxide 

Table 5E.10.2 Effect of concentration of surfactant (CTAB) on conversion of hydrated 

lime (Figure 5.3.7) 

Sample batch no.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 
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Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: 540 ppm     Normality of thiosulfate solution:0.106N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

30 5.0098 560 40.9 0.01726 4.1148 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 0.2773 94.13 92.22 
720 5.0165* -------- -------- --------- -------- ------- 94.45 

900 5.0054 70 122 0.0184 0.0553 98.83 96.63 
*Average weight of calcium hydroxide 

Table 5E.10.3 Effect of concentration of surfactant (CTAB) on conversion of hydrated 

lime (Figure 5.3.7) 

Sample batch no.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 m3 

Concentration of surfactant: 1000 ppm     Normality of thiosulfate solution:0.106N 

 Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 

Vol of I2 

solution  
added to 

Vol of 
Thio soln 
req for 

Mass of 
Ca(OH)2 
retained 

Mass of 
unreacted 
Ca(OH)2 

Percent     
conversion 
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in feed 
slurry 
(kg)x103 

prod 
slurry (

2I
v ) 

(m3)x106 
 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

in the 
beaker  
(kg) x103 

in prod 
slurry 
(WB)

 

(kg) x103 

Expt Theory 

30 5.0098 
550 50.2

0.0198 4.3775 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 41.91 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 57.72 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.: MH0M601992 (MERCK) 
Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 
Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 m3 

Concentration of surfactant: 1620 ppm    Normality of thiosulfate solution:0.106N 

 Foam height = 0.4 m 

 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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* -------- -------- --------- -------- ------- 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* -------- -------- --------- -------- ------- 58.64 
600 5.0015 290 93.4 0.0284 1.7279 63.39 64.38 
720 5.0095* -------- -------- --------- -------- ------- 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 5E.11.1 Effect of concentration of surfactant (Triton-X 100) on conversion of 

hydrated lime (figure 5.3.8) 

Sample batch no.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 m3 

Concentration of surfactant: 320 ppm      Normality of thiosulfate solution:0.106N 

Foam height = 0.4 m 

 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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 45.35 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.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 

m3 

Concentration of surfactant: 960 ppm   Normality of thiosulfate solution:0.1004N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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 41.31 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* -------- -------- --------- -------- ------- 73.44 
600 5.0124 170 58.6 0.0284 1.0678 77.44 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 

Table 5E.11.3 Effect of concentration of surfactant (Triton X 100) on conversion of 

hydrated lime (figure 5.3.8) 

Sample batch no.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 
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Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 m3 

Concentration of surfactant: 2400 ppm  Normality of thiosulfate solution: 0.1004N 

 Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 
in prod 
slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) 
x103  

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) 
x103 

Percent     
conversion 

 

Expt Theory 

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 53.45 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.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=48.6 x 10-6 m3 

Concentration of surfactant: 4800 ppm 

Normality of thiosulfate solution: 0.1004N 

 Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 

Vol of I2 

solution  
added to 

Vol of 
Thio soln 
req for 

Mass of 
Ca(OH)2 
retained 

Mass of 
unreacted 
Ca(OH)2 

Percent     
conversion 
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in feed 
slurry 
(kg)x103 

prod 
slurry (

2I
v ) 

(m3)x106 
 

excess I2 
in prod 
slurry 

 th ,totV  

(m3) x106 

in the 
beaker  
(kg) 
x103  

in prod 
slurry 
(WB)

 

(kg) 
x103 

Expt Theory 

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* -------- -------- ---------- ---------- 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 CO2 gas (10%) on conversion of hydrated lime 

(figure 5.3.9) 

Sample batch no.: MH0M601992 (MERCK) 

Gas flow rate: 

CO2 gas flow rate: 0.333 x 10-4 m3 /s 

Air flow rate: 3.0 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 m3 

Concentration of surfactant: SDS (4000 ppm)            

 Normality of thiosulfate solution: 0.1004N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

30 5.0120 530 50.3 0.0199 4.1187 13.34 12.99 
60 5.0082 480 78.2 0.0207 3.6087 24.03 25.314 
90 5.0114* -------- -------- -------- -------- ------- 37.017 
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180 5.0102 210 100.3 0.0222 1.3330 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 0.2775 94.16 95.38 
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 CO2 gas (25%) on conversion of hydrated lime 

(Figure 5.3.9) 

Sample batch no.: 

Gas flow rate: 

CO2 gas flow rate: 0.833 x 10-4 m3 /s 

Air flow rate: 2.5 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

     Volume of thio solution required for titration against 25 ml I2 solution=48.9 x 10-6 m3 

Concentration of surfactant: SDS (4000 ppm) 

 Normality of thiosulfate solution: 0.1004N 

Foam height = 0.4 m 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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 CO2 gas (50%) on conversion of hydrated lime 

(Figure 5.3.9) 

Sample batch no.: 

Gas flow rate: 

CO2 gas flow rate: 1.6667 x 10-4 m3 /s 

Air flow rate: 1.6667 x 10-4 m3 /s 

Initial loading = 20 kg/ m3 

Volume of solvent in slurry = 2.5 x 10-4 m3 

Volume of thio solution required for titration against 25 ml I2 solution=54.6 x 10-6 

m3 

Normality of thiosulfate solution: 0.1004N 

Concentration of surfactant: SDS (4000 ppm) 

Foam height = 0.4 m 

 

Time 
 (s) 

Initial 
mass of 
sample 
in feed 
slurry 
(kg)x103 

Vol of I2 

solution  
added to 

prod 
slurry (

2I
v ) 

(m3)x106 
 

Vol of 
Thio soln 
req for 

excess I2 in 
prod slurry 

 th ,totV  

(m3) x106 

Mass of 
Ca(OH)2 
retained 
in the 
beaker  
(kg) x103 

Mass of 
unreacted 
Ca(OH)2 
in prod 
slurry 
(WB)

 

(kg) x103 

Percent     
conversion 

 

Expt Theory 

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 * -------- -------- ----------- -------- ------- 75.96 
180 5.0053 90 90.4 0.0218 0.3949 91.68 93.35 
240 5.0129 * -------- -------- ----------- -------- ------- 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 * -------- -------- ----------- -------- ------- 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 

A Substance A, present in gas phase as well as dissolved in liquid 

2a Thickness of a liquid-foam, m 

a1, a2, ..., am Thickness of half-film in subsections 1,2,3,.., and m respectively, m 

Ca  Cross section area of column, m2 

sa  The interfacial area per unit volume of gas-liquid dispersion, m2 m-3 

ba  Interfacial Area per bubble, m2 m-3 ܽ௣ Surface area of particles, m2 m-3 

ta  Area of all the bubbles in dispersion, m2 

t
bca  Total interfacial area in the column, m2 

t
storagrea  Total interfacial area in the storage section, m2 

tA  Cross sectional area of the glass tube of the water manometer in the 

manometric apparatus, m2 

B Substance B, present in solution/slurry as dissolved as well as 

dissolving particles 

B1 Constant, defined in equation (2.26)  

AbC  Bulk concentration of A, k mol m-3 

CA Concentration of dissolved A in the liquid at any time t, kmol m-3 

0AC  Initial concentration of reactant A dissolved in liquid in the (feed), kg 

m-3,  k mol m-3 

'
AC  Concentration of reactant A in the foam film at position xand  any 

contact time ct  

ASC  Concentration of dissolved A in the storage section at any time t, k mol 

m-3 

AdC  Concentration of reactant A in the drainage stream from foam to 

storage section, k mol m-3 

CA
*= AiC  Interfacial concentration of A in the liquid phase, k mol m-3 

AdC  Concentration of dissolved A in the drainage stream from foam to 

storage section, k mol m-3 
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CB Concentration of  B in the liquid film (for NaOH +lean CO2 gas 

system), kmol m-3 

AC  Average concentration of component A, k mol m-3 

BC  Initial concentration of reactant B in liquid phase , k mol m-3 

BbC  Bulk concentration of  B, k mol m-3 

CBi Concentration of B at the solid-liquid interface in the liquid phase, k 

mol m-3 

BmC  Mean concentration of NaOH, k mol m-3 

CBs Concentration of component B in the storage section , k mol m-3 

*
BC  Solubility of component B in water, k mol m-3 

0BC  Initial concentration of reactant B dissolved in liquid in the (feed), kg 

m-3,  k mol m-3 

BdC , BfC  Concentration of reactant B in the drainage stream at any time t for 

gas-liquid/gas-liquid-solid system, k mol m-3 

 tBC , )(tCT
B  Total (dissolved in liquid as well as undissolved particles) loading of 

B per unit volume of solvent at any time t, k mol m-3 

 0BC , )0(T
BC  Initial total loading of B per unit volume of solvent, k mol m-3 

sC  Concentration of surfactant, ppm 

D Diameter, m 

AD  Diffusivity of species A in liquid phase, m2 s-1 

BD  Diffusivity of species B in liquid phase, m2 s-1 

DG Diffusivity of gas, m2 s-1 

0bd  Average diameter of initial spherical bubble, m 

cd  Diameter of foam column, m 

0d  Diameter of holes on the gas distributor  plate, m 

pd  Average diameter of the particle in slurry, m 

pkd  Instantaneous value of particle diameter in the kth size fraction in 

slurry, m 

0pkd  Initial diameter of particles in the kth size fraction in slurry, m 
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sd  Sauter mean bubble diameter at a given height in the foam section, m 

E  Foam-expansion ratio, dimensionless 

iE  Instantaneous value of enhancement factor for gas absorption with 

chemical reaction, dimensionless 

aE  Average value of enhancement factor for gas absorption with chemical 

reaction, dimensionless 

Ecs Excess concentration at the surface, k mol m-3 

f  Friction factor for foam flow through a pipe, dimensionless 

g  Acceleration due to gravity, m s-2 

H  Henry’s law solubility coefficient for solution containing ions, 

aH  Hatta number 

h  Height of  liquid in the storage section, m 

Hf Height of foam, m 

HW Henry’s law solubility coefficient for water containing ions, 

0h  Initial height of liquid in the storage section, m 

dh  Height of dispersion, m 

mh  Differential height in manometer, m 

TH  Depth from top of foam, m 

NH  Number of holes in distributor plate, dimensionless 

h Sum of positive , negative and gas species ions 

I Ionic strength  

K a constant defined in equation  (2.3) 

kc Gas phase mass transfer coefficient, m s-1 

Kl, Overall liquid phase mass transfer coefficient, m s-1 

2k  Second order reaction rate constant, m3 kmol-1s-1 

akl , lk  Liquid phase mass transfer coefficient, m s-1 

0
lk   Physical liquid phase mass transfer coefficient, m s-1 

Gk  Gas phase mass transfer coefficient, k mol m-2. Pa. S 

lrk  Gas liquid mass transfer coefficient with chemical reaction, m s-1 
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sk  Gas liquid mass transfer coefficient in presence of surface resistance 

and chemical reaction, m s-1 

slk  Solid- liquid mass transfer coefficient, m s-1

BM  Molecular weight of component B, kg (kg mol)-1 

')0(T
Bm  Initial total loading of unreacted B per unit volume of solvent, kg m3 

)(tmT
B  Total loading of unreacted B at any time t, kg m3 

N Normality of standard solution 

NA Molar flux of component A absorbed per unit gas-liquid interfacial 

area per unit time, kmol m-2 s-1 

AN  Average molar flux of component A absorbed per unit gas-liquid 

interfacial area per unit time, kmol m-2 s-1 

bcn  Number of bubbles in the dispersion at any time  in bubble column 

absAn ,  Moles of A absorbed per unit time 

absBn ,  Moles of B absorbed per unit time 

pkn  Number of particles in the kth size fraction per unit volume of slurry, 

m3 

AbP  Bulk pressure of component A, atm 

AiP  Partial pressure of component A, atm 

inletAiP ,  Partial pressure of component A inlet, atm 

exitAiP ,  Partial pressure of component A exit, atm 

rP  Pressure of carbon dioxide gas in the reference cell at any time ta, N m-

2 

0rP  Initial pressure of carbon dioxide gas in the reference cell, N m-2 

sP  Pressure of gas at NTP, N m-2  

p  pressure drop, N m-2 

1p  Pressure drop due to the dry plate, N m-2 per plate 

2p  Pressure drop due to foam, N m-2 per plate 

Qd Total flow rate of draining liquid from foam into storage section, m3 s- 

GQ , GoQ  Flow rate of gas into the storage section,  m3 s-1 
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r  Fractional reduction in the uptake rate produced by the surfactant film 

in the absorption cell, dimensionless 

BAR  The stoichiometric factor for overall reaction  

0br  Average radius of bubble, m 

cr  Radius of foam column, m 

R  Gas constant, (kg . m2) (s2. k mol. �K)-1 

Reo Reynolds number, dimensionless 

s The fractional rate of surface renewal 

Sc  Schmidt number, dimensionless 

Sh Sherwood number, dimensionless 

  Time, s-1 

t  Time of operation of the foam-bed contactor, s 

at  Time of gas absorption in the absorption cell, s 

bct , ct  Gas-liquid contact time in foam section, s 

tc
* Contact time, s 

cst  Gas-liquid contact time in storage section, s 

dt  Time of foam drainage, s 

T  Temperature at which experiments were conducted, �K 

sT  Temperature of gas at NTP, �K 

fU  Uptake rate of gas in liquid in the absorption cell in presence of 

surface film at the gas pressure Pa, m
3 s-1 

0U  Uptake rate of gas in liquid in the absorption cell without any  surface 

film at the gas pressure Pa, m
3 s-1 

u  Uptake rate of gas in absorption cell in time ‘ta’ seconds, m3 

fu  Linear velocity of foam , m s-1  

ou  gas velocity through orifices, m s-1 

gleu sin  Rise velocity of single gas bubbles in the storage section, m s-1 

swarmu  Rise velocity of swarm of gas bubbles in the storage section, m s-1 

V  Volume of slurry/liquid in storage section, m3 
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aV  Volume of gas in the absorption cell at any time ta, m
3 

0aV  Initial volume of gas in the absorption cell, m3 

abV  Volume of gas absorbed in the absorption cell in time ta, m
3  

0bV  Volume of single bubble, m3 

dV  Volume of the liquid drained from static foam in time tc
*, m3 

lV  Total volume of solvent in solution/slurry, m3 

gV  Total volume of gas in the dispersion, m3 

GV  Superficial velocity of gas, m s-1 

l
foamV  Volume of slurry in the foam section, m3 

Vfo Initial total volume of liquid contained in foam, m3 

MGV  Molar volume of gas at temperature and pressure of experiment, m3 (k 

mol)-1 

msV  Molar volume of gas at NTP, m3(k mol)-1 

pkV  Volume of a particle in the kth size fraction at any time ‘t’ in the 

storage section, m3 

pkdV  Volume of a particle in the kth size fraction at any time ‘t’ in the 

drainage stream from foam section, m3 

rV  Volume of gas in the reference cell at any time ta, m
3 

0rV  Initial volume of gas in the reference cell, m3 

slV  Volume of slurry charged into the bubble column or foam bed reactor, 

m3   

storelV ,   Volume of liquid in the storage section, m3  

Vt Terminal velocity of a single bubble, m s-1 

thV  Volume of thiosulphate solution needed for standardization of  2.5 x 

10-5  m3  iodine solution, m3 

bthV ,  Volume of thiosulphate required to neutralize iodine solution 

having a volume equal to that added per 2.5 x 10-5  m3 solution of  

lime sample, m3 
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sthV ,  Volume of thiosulphate solution required to neutralize excess iodine 

present in  2.0 x 10-5  m3 solution of  lime, m3 

totthV ,  Total volume of thiosulphate solution required for titration of 2.0 x 10-

3  m3 of product slurry, m3
 

thioV  Volume of thiosulphate solution, m3 

  tstorageBW ,  Rate of consumption of B, total moles of B reacted over contact time, 

∆t  

w  Mass of hydrated lime present per unit volume of slurry, kg 

X  Percentage conversion of NaOH/Ca(OH)2, dimensionless 

 

Greek letters 

G  Average gas holdup 

g  Gas holdup 

l , l  Liquid hold up 

  Solubility coefficient of carbon dioxide gas in water, m2/N 

  Film thickness, m 

l  Surface tension, N m-1 

  Pseudo-first order kinetic rate constant for the reaction, s-1 

    B  Density of component B, kg m-3 

f  Density of foam, kg m-3 

G  Density of gas, kg m-3 

l  Density of liquid, kg m-3 

0  Density of pure solvent, kg m-3 

m  Density of manometer liquid, kg m-3 

s  Density of  calcium carbonate, kg m-3 

sl  Density of slurry, kg m-3 

eff  Effective viscosity, kg m-1s-1  
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g  viscosity of gas, kg m-1s-1  

l  viscosity of liquid, kg m-1s-1  

 Time of exposure of liquid elements on the surface of a bubble for 

absorption, s 
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