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ABSTRACT

Adsorption behavior of ethyl acetate (EA) from air on molecular sieves (E-merck 5A and
13X) is studied through experimental investigation on equilibrium, kinetics and through both
experimental and theoretical investigations on dynamic adsorption. Equilibrium adsorption
isotherms of ethyl acetate are obtained from the experimentally generated data on E-merck
5A and 13X molecular sieves in the temperature range of 308-328 K. Three isotherm models
namely Freundlich, Langmuir, and Langmuir-Freundlich are used to correlate experimental
data. The isotherms for ethyl acetate on E-merck 5A and 13X molecular sieves are typically
of Brunauer Type - I. Of the three models, Langmuir isotherm model best represented the
experimental data. Model parameters such as saturation capacity of adsorbent qs, Langmuir
constant b, and Freundlich constant n; temperature dependency of model parameters; and
heat of adsorption values are determined. Equilibrium adsorption capacity of ethyl acetate in
E-merck 13X molecular sieve is higher and the sieve behaves closer to ideal behaviour than
E-merck 5A molecular sieve. Overall mass transfer coefficient, k to understand the kinetics
of adsorption is determined using Uptake rate and Linear Driving Force (LDF) rate methods.
It is observed that k was independent of the flow rate and inlet concentration of ethyl acetate;
values of k by LDF method were lower than the ones by uptake method; and adsorption was
controlled by pore diffusion. Mass transfer coefficient obtained by Uptake method and heat

of adsorption values for both the sieves are of the order of 10~ s and 10° J/kg respectively.

Dynamic adsorption behavior is studied experimentally through generation of concentration
and temperature breakthrough curves with variations of input variables such as inlet
concentration (c,), inlet velocity (v,) and bed length (L) in non-isothermal, non-adiabatic

fixed bed adsorber containing pellets of SA and 13X molecular sieves with feed mixture of



Ethyl Acetate (EA) and air. The experimental observations on effects of inlet concentration
of EA, feed flow rate and bed height are analysed. A mathematical model is developed from
mass and energy balance principles and is validated with the experimental data using the
parameters determined from adsorption equilibrium and kinetic studies. Detailed simulation
studies are carried out to study the effects of different parameters such as inlet concentration
(o), inlet velocity (v,), bed length (L), overall mass transfer coefficient (k), saturation
capacity (qs), heat of adsorption (-AH), bed to wall heat transfer coefficient (h,.), solid to gas
heat transfer coefficient (h) and axial dispersion coefficient (D,) on the behavior of the
adsorption system and the results are analysed. Early concentration breakthrough with higher
inlet adsorbate (EA) concentration, constant pattern breakthrough curves with the changes of
inlet adsorbate (EA) concentration, inlet velocity, and saturation adsorption capacity have
been observed. Change of bed diameter, bed to wall heat transfer coefficient, and solid gas

heat transfer coefficient don’t significantly influence the concentration breakthrough curves.

KEY WORDS

Adsorption isotherm; Adsorption kinetics; Adsorption dynamics; ethyl acetate; E-merck 5A:
E-merck 13X; Heat of adsorption; LDF method; Mass transfer coefficient; Mathematical

model; Molecular sieves; Uptake curve method
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SUMMARY

Emissions of Volatile Organic Compounds (VOCs) to the atmosphere are limited by
government regulations because VOCs have been implicated as major contributor to
photochemical smog and ozone formation, which adversely affects plant and human life. In
the present study, adsorption behavior of ethyl acetate (EA), the VOC of concem, in
molecular sieves has been studied. To understand the adsorption behavior of ethy! acetate in
molecular sieves (E-merck 5A & 13X), detailed experimentation on equilibrium and dynamic

studies and theoretical dynamic studies have been performed.

The Thesis has been presented mainly in four chapters and their contents are briefly

presented below:

CHAPTER -1

Chapter I presents the introduction on the environmental regulations for VOCs emissions at
national and international levels; impact of VOCs on the environment and the available
control techniques; detailed discussion on the adsorbent with merits and demerits; several
details on molecular sieves; and characteristic features of ethyl acetate and its impact on the
environment. Then it discusses on the importance of the problem and objectives‘of the
present study. The chapter category wise presents the extensive literature survey on the topics
namely available control/abatement techniques; equilibrium and rate studies; and dynamic
studies.

CHAPTER - 11

This chapter discusses different adsorption isotherm models and the methodologies to

determine the model parameters such as saturation adsorption capacity, Langmuir and

i



Freundlich constants and heat of adsorption from the experimental equilibrium adsorption
isotherm data. Mechanism of mass transfer and methods of determining overall mass transfer
coefficient by Uptake curve method and Linear Driving Force (LDF) method from the
experimental data collected during isotherm studies have been discussed. The chapter then
deals with the detailed development of the mathematical model with necessary initial and
boundary conditions applicable to the system from the mass and energy balance equations
applied for a differential section of the packed bed adsorber. Finally, the chapter presents the
discretisation of the developed models and the numerical solution procedure.

CHAPTER - 111

Experimental scheme and procedure for equilibrium, kinetic and dynamic studies have been

presented in this chapter.

The adsorption isotherm setup was a glass U-tube containing a known weight of molecular
sieve kept in constant temperature water bath. The molecular sieves used are type SA and
13X (E-Merck, (1/16)"cylindrical pellets). The concentration of EA in air was varied
maintaining different flow rates as well as different levels of EA in the saturator(s). Weight
change of the U-tube containing molecular sieve was measured time-to-time using electronic
balance. The experiments were performed for several concentration levels of ethyl acetate at
four different temperatures 35°C, 40°C, 45°C and 55°C using SA molecular sieve and at three
different temperatures 35°C, 45°C and 55°C using 13X molecular sieve. The concentration of
ethyl acetate vapor in the inlet stream was measured with the help of Gas Chromatography

(GC) using AT 1000 column and Flame Ionization Detector (FID).

The apparatus for the dynamic studies consists of a dehydration column, saturators, knockout
pot(s), flow meter, packed-bed adsorption column (S.S. pipe of ID 10 cm, thickness 0.2 cm

and length 40 cm), and a constant temperature water bath. Thermocouple probes at equal



spacing (6 cm) were provided on the wall of the column at different radial locations to
measure the temperature of the packed bed column along its length. After each run the sieves
were taken out and heated overnight at 300 deg C for regeneration and cooled to room

temperature. The vanables studied are superficial velocity, inlet concentration of ethyl

acetate, and bed length.

CHAPTER -1V

This chapter discusses the results of equilibrium and dynamic studies on ethyl acetate (EA)

adsorption on E-merck 5A and 13X molecular sieves.

The results of equilibrium studies are discussed in the form of isotherms for 5A molecular
sieve at four different temperatures 35°C, 40°C, 45°C and 55°C and for 13X molecular sieve
at three different temperatures of experiment 35°C, 45°C and 55°C. The equilibrium
capacities of 5A and 13X molecular sieves at different temperatures 35°C, 45°C and 55°C
have been compared. Three isotherm models namely Langmuir, Freundlich and Langmuir-
Freundlich are used to fit in the experimental equilibrium data. The model parameters such as
Freundlich constant K, Langmuir constant b, saturation capacity g, and Freundlich and
Langmuir-Freundlich exponent n have been obtained. The quantitative suitability of the
models has been tested after calculating the standard deviations of the models’ predictions

from the experimental data.

Then the chapter. discusses the results obtained from dynamic adsorption studies that include
experimental stud}.', model validation and dynamic simulation studies. At first, from the
experimental data, effects of changes in input variables such as inlet superficial velocity, inlet
concentration of EA and bed height have been analysed and performance of both the sieves

towards adsorption of EA has been compared. Then, verification of the validity of the model



has been attempted through the comparison of the concentration and temperature histories
measured at the end of the bed with those obtained from the proposed model. The model has
been simulated after taking values of the input parameters such as Langmuir constant,
eq.uilibrium adsorption capacity, heat of adsorption and overall mass transfer coefficients as
have been calculated from equilibrium studies. A quantitative assessment of the quality of the
model has been made, by calculating standard deviation at e;lch experimental point. Finélly,
The mathematical model was simulated with different values of the parametérs such as
adsorbate inlet concentration, inlet superficial velocity, bed length, bed diameter, overall
mass transfer coefficient, saturation capacity, heat of adsorption, bed to wall heat transfer
coefficient, solid to gas heat transfer coefficient, and axial dispersion coefficient and the

results have been analysed.

The major inferences, which can be drawn from the present studies, are:

® The isotherms for ethyl acetate on E-merck 5SA and 13X molecular sieves are
typically of Brunauer Type - 1.

e Of the three isotherm models tested Langmuir isotherm model best explains the
equilibrium adsorption behavior of EA on E-merck 5A and 13X molecular sieves.

e Equilibrium adsorption capacity of ethyl acetate in E-merck 13X molecular sieve is
higher and the'sieve behaves closer to ideal behaviour than E-merck 5A molecular
sieve.

e Mass transfer is controlled by pore diffusion. Also, no significant effect of
concentration of EA on mass transfer coefficient has been observed.

e Mass transfer coefficient obtained by Uptake method is of the order of 10* s”'. LDF
method also can be an alternative to Uptake method if provided with properly

designed data collection and analysis unit.
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Heat of adsorption values in both the sieves have been of the order of 10° J/kg

Early concentration breakthrough with higher inlet adsorbate (EA) concentration,
constant pattern breakthrough curves with the changes of inlet adsorbate (EA)
concentration, inlet velocity, and saturation adsorption capacity have been observed.
Effect of bed diameter, bed to wall heat transfer coefficient, and solid gas heat

transfer coefficient is insignificant on the concentration breakthrough curves.
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CHAPTER I

INTRODUCTION AND LITERATURE SURVEY

Among the gaseous air pollutants, volatile organic compounds (VOC:s) have attracted major
attention because of their common occurrence in the atmosphere and their harmful effects.
This chapter discusses different VOCs with their sources of emission, impact on
environment, regulations with emission limits, and their recovery/removal techniques.
Detailed discussion has been made particularly on ethyl acetate (EA), the VOC of concemn in
the present study; adsorption process with different adsorbents and the technique used for EA
separation in this study. Importance of the problem and objectives of the work have been
explained. Finally, the chapter concludes with an exhaustive literature review relevant to the

topic.

1.1 Introduction

Volatile Organic Compounds are among the most common air pollutants emitted from
chemical. petrochemical and allied industries. Emissions of VOCs originate from breathing
and loading losses from storage tanks, venting of the process vessels, leaks from piping and
equipment, wastewater streams and heat exchanger systems (Ghoshal and Manjare, 2002).
Emissions from burning coal, oil, gasoline and evaporation at gasoline service stations also
contribute to baseline level of different volatile organic compounds found in air. Vehicle
emissions, chemical manufacturing, evaporation of automotive fuels, petroleum based
products and chemical solvents are some other sources emitting hazardous VOCs in air.

Some common examples of VOCs emitted from chemical process industries are



acetaldehyde, acetone, benzene, carbon tetrachloride, ethyl acetate, ethylene glycol, hexane,

naphthalene, styrene, toluene, xylene etc. (Gupta and Verma, 2002; Ruhl, 1993).

VOCs have been implicated as a major contributor to photochemical smog, which can cause
haze, damage to plant and animal life, eye irritation, and respiratory problem for humans
(Hwang et al 1997). VOCs in combination with nitrogen oxides are responsible for ground
level ozone and smog. VOCs participate in photochemical reactions to form ozone, which is
a primary component of smog (Khan et al 1999). While ozone in the upper atmosphere is
beneficial, ozone at ground level is quite undesirable/hazardous. The atmospheric ozone
layer protects us from sun’s dangerous ultraviolet rays. Ground level ozone however is a
highly reactive gas that has adverse effects on the normal functioning of lungs in healthy
humans. Breathing air with ozone c;oncentrations above air quality standards aggravates
symptoms of people with pulmonary diseases and increases the rate of asthma attacks.
Prolonged exposure to ozone causes permanent damage to lung tissue and interferes in the
functioning of the immune system. Because of VOCs adverse effects on human health and its
role in ozone formation, emissions of VOCs to the atmosphere are required to be kept within

limits set by government regulations as a means of protecting the environment from air

pollution.

1.1.1 Regulations

International Level: Regulation on controlling organic vapour pollutants in air has been
issued worldwide. In the ambient air quality standards, stipulated by the US Environmental
Protection Agency, the maximum 3-h concentration of hydrocarbon content is 1.6x10™ kg/m’
(0.24 ppm), not to be exceeded in one year (Khan et al 1999). Reduction of VOCs emissions
In an area that exceeds the current national ambient air quality standard for ozone of 0.12

ppm is mandated under Title I of the US Clean Air Act Amendment of 1990. In addition,



Title Il of the amendments requires reduction of the emissions of 189 hazardous pollutants,
most of which are also included under the definition of VOCs (Ruddy and Carroll, 1993).
The recently passed European Community stage emissions limit is 35 g total organic
compounds (TOC) per cubic meter gasoline loaded (35 g TOC/m>). Similarly, the United
States Environmental Protection Agency Standard 40 Code of Federal Regulations (CFR)
part 63 has established an emission limit of 10 g TOC/m’. The German TA-Luft standard, the
most stringent known gasoline emission regulation, has set an emissions limit of 150 mg

TOC (excluding methane) per cubic meter of loaded product (0.15 g TOC/m*) (Khan and

Ghoshal, 2000; Ruddy and Carroll, 1993; Pezolt et al 1997).

National level: The Air Prevention and Control of Pollution Act, 1981 intended to achieve
effective control over air pollution caused for various reasons. The act contemplates
establishment of central and state boards to lay down the standards of emission of air
pollutants from industrial plants for improvement of air quality. Later, The Environmental
Protection Act, 1986 was brought into force, which also deals with the aspects of hazardous
chemicals (Bhole and Parwate, 1998). Also the Clean Air Act, '1990 (amendment) and the
Factory Act, 1986 (amendment) limit the emission of commonly hazardous chemicals.
Though these chemicals include many of the VOCs, no separate regulation mentioning the

VOCs has been implemented so far (Khan and Ghoshal, 2000).

1.1.2 Recovery/ Removal of VOCs

The increasing awareness of the necessity for environmental safety and pollution control has
diverted the attention of researchers across the world to look for better and efficient methods
of VOCs recovery or removal from the effluent gas streams. Due to the adverse effects of
VOCs emissions in the environment, the gaseous streams from vents and emission stacks are

subjected to suitable abatement techniques, essentially to bring down the VOCs



concentration below the permissible levels before their release into the atmosphere. As the
emission tolerance gets lower (ppm and ppb concentration levels) with increasing stringent
environmental regulation, the control strategies for VOCs require a fresh and systematic

approach.

There are various methods employed for the removal or recovery of VOCs from gaseous
wastes. Listed below are some of the commonly identified techniques with some light thrown

on the process advantages and disadvantages.

1.1.2.1 Absorption

Absorption, or scrubbing, is often used to separate gaseous streams containing high
concentrations of organics, especially water-soluble compounds such as methanol, ethanol,
isopropanol, butanol, acetone, and formaldehyde (Moretti, 2002). Absorption system can be
designed to handle capacity of 55 to 2830 m*/min gas with VOCs concentration ranges from
500 to 5,000 ppm. Absorber can achieve VOC removal efficiencies of 95 to 98 % (William

and Lead, 1997).

The use of absorption as the primary control technique for organic vapours is subject to
several limiting factors. One factor is the availability of a suitable solvent. The VOC must be
soluble in the absorbing liquid. Some common solvents that may be useful for VOC include
water, mineral oils or other non-volatile petroleum oils. Another factor is the availability of
vapour/liquid equilibrium data for the specific organic/solvent system in question. Such data
are necessary for the design of absorber systems; however, they are not readily available for

uncommon organic compounds.



Another consideration in the use of absorption is the treatment or disposal of the material
removed from the absorber. In most cases, the scrubbing liquid containing the VOC is
regenerated by stripping, where the VOC is desorbed from the absorbent liquid, typically at
elevated temperature and/or vacuum. The VOC is then recovered as a liquid in a condenser.
The stripping process may create water disposal problems that may require a wastewater

treatment system to handle the contaminants.

1.1.2.2 Condensation

Condensation of a component or a mixture of components at their respective saturation
temperatures is a common approach for industrial separation of gases. Condensation is
achieved by chilling, pressurization or both, of the waste gas stream. Condensation is most
efficient for VOCs with boiling points above 38 °C at relatively high concentrations above
5,000 ppm. Low-boiling VOCs can require extensive cooling or pressurization, which
sharply increases operating costs. Condensation is best suited to mono solvent systems that
produce liquid product, which require further treatment to separate various chemical species.
Recovered VOCs can be reused within the process, used as wash solvents during equipment

cleanup, burned as an alternative boiler fuel.

1.1.2.3 Adsorption

Physical adsorption has been found to be more significant in case of separation process.
Physical adsorption occurs when adsorbate molecules are held on the surface and in the pores
of adsorbent by the weak van der Wall force of attraction and is generally characterized by
low heat of adsorption, and by the fact that the adsorption equilibrium is reversible and
rapidly established (Ruthven, 1984). Activated carbon or zeolites are often used in physical

adsorption.



Activated carbon based adsorption

VOCs are removed from the inlet air by physical adsorption onto the surface of the carbon.
The system is sized” according to the maximum flow and concentrations expected, and
anything less usually improves efficiency. Carbon adsorption systems are flexible and are
inexpensive to operate. Installation costs are often lower than those of other systems (Ruhl,
1993; Stenzel, 1993). The adsorption capacity of activated carbon for a given VOC is often
represented by an adsorption isotherm that gives the amount of VOC adsorbed (adsorbate) to

the equilibrium pressure (concentration) at constant temperature.

Activated carbon is a good adsorbent because of its large surface area, which is result of its
vast infrastructure of pores. The pore structure may be pictured as having many small pores
branching off from large ones, which are open through the entire particle. In a commercially
available activated carbon solvent recovery plant, solvent laden air passes through a tank
containing a bed of activated carbon. The solvent is adsorbed on the carbon surface and clean
air is exhausted to atmosphere. When all of the available surfaces of the carbon pores are
occupied it will not capture any additional solvent. Now to recover solvent for reuse, it must
be released from the carbon surface. This is most commonly done by heating the carbon with
steam. The hotter the carbon, the less solvent it can hold, so as steam heats the carbon,
solvent is released and flushed away by the steam. The mixture of steam and solvent is
condensed by cooling and then separated in the simplest case by gravity decanting. The
carbon then can be reused as well. The batch process of adsorption and desorption is
described above can be made continuous by the use of multiple carbon beds so that one is
off-line for desorption while the others is on adsorption. Regeneration can be done on-site

with hot air or hot nitrogen also, depending upon process conditions and local utilities.



Moisture is one of the crucial parameters to dictate the efficiency and effectiveness of
adsorption processes. Halogenated compounds are strongly affected with increased relative
humidity, whereas aromatic compounds are weakly affected. However, water vapour
competes with the VOCs in the emission stream for adsorption sites on the carbon surface,
emission stream humidity level exceeding 60 % RH are not desirable (Khan and Ghoshal,
2000). Activated carbon is the right adsorbent for high capacity, non-selective adsorption of
gases at ambient temperature, suitable for most VOCs with molecular weights between 40

and 150 and boiling points from 38 °C to 65 °C.

Zeolite based adsorption

As elaborated in earlier section, it has been recognized that activated carbon is the most
suitable adsorbent for this application (Rhul, 1993). However, Blocki (1993) pointed out that
the applications of activated carbon present some disadvantages as these are flammable,
difficult to regenerate for high boiling solvents, promotes polymerization or oxidation of
some solvents to toxic or insoluble compounds, and require humidity control. Therefore, it is
necessary for new type of adsorbent to replace the activated carbon. As a result, hydrophobic
zeolite is now considered as an alternative adsorbent since it has good properties such as
thermal stability and hydrophobicity (Blocki 1993; Takeuchi et al 1995). Hydrophobic
zeolite can be manufactured with precise pore size, allowing selective adsorption of some

compounds while excluding others.

Zeolites are inorganic materials that have a crystalline structure and fixed pore size. The
homogenous pore size prevent molecules larger than a certain size from entering the lattice,
so zeolites are some times called molecular sieves, which allow them to adsorb selectively.
The non-flammable, thermally stable, and hydrophobic characteristics of zeolite can also

play an important role in adsorption. The thermal stability and hydrophobicity of zeolite



increases with the Si/Al ratio in the zeolite framework. Synthetic hydrophobic zeolite, a pure
crystalline silica molecular sieve, is non-flammable and is capable of withstanding
temperatures as high as 850 °C (Deng and Lin, 1995). Furthermore, hydrophobic zeolite has
a low affinity for water. Hydrophobic zeolites are also non-flammable, so it can be used for
some compounds that might fire with activated carbon (e.g. cyclo-hexane). The cost of
hydrophobic zeolite is still very high, so its use is economically limited to applications for

which activated carbon is not well suited.

Important parameters which determine the performance of adsorption process are: 1)
Retentive ability, ii) Pressure, iii) Concentration, iv) Particulate concentration, v) Type of

adsorbent, vi) Desorption methods, vii) Fire suppression, and viii) Steam recovery.

1.1.2.4 Membrane Based Separations
Several researchers are pursuing research for recovery of VOCs from air by membranes. But
an established membrane separation technology for VOCs recovery is yet to be
commercialised economically due to the following limitations (Lyandres et al, 1989).

e Application to narrow range of molecular size

e Very high operational feed pressure (160-200 psig)

¢ Strict maintenance of pH

e Scale build-up

e Bacterial fouling

Further research is continued in these areas to get through the above shortcomings.Thus, to
summarise, amongst the techniques discussed above, adsorption technology has picked up
considerable growth in the commercial application because of the following reasons

(Serbezov and Sortirchos, 1997).



¢ Development of more selective synthetic adsorbent
e Development of advanced concepts like Pressure Swing Adsorption (PSA),
Temperature Swing Adsorption (TSA), Fluidised Bed Adsorption (FBA), Moving

Bed Adsorption (MBA), etc.

DOW Chemical Company has installed the SORBATHENE unit (based on Pressure Swing
Adsorption, PSA) in 1987, as an economic alternative for the recovery of VOCs (Pezolt et al,
1997). Though this technology has been patented and used in United States and Europe, still
it has many limitations. For example, this technology was initially applicable only to control
the emissions of chlorinated solvents and monomers. Their research activities are continually
expanding the list of recoverable compounds and exploring adsorption based separation

processes (Pezolt et al 1997).

In view of above, the present research deals with adsorption technology to separate EA
present in air using packed bed adsorber. The following section describes in detail different

adsorbents and the corresponding selection of the adsorbents used for the present study.

1.1.3 Selection of Adsorbent

The role of the adsorbent is to provide the surface area required for selective sorption of the
preferentially adsorbed species (Ruthven et al 1994). A high selectivity is the primary
requirement, but a high capacity is also desirable since the capacity determines the size and
therefore the cost of the adsorbent beds. A large specific surface area is preferable for
providing large adsorption capacity, but the creation of a large internal surface area in a
limited volume inevitably gives rise to large numbers of small sized pores between

adsorption surfaces. The size of the micropores determines the accessibility of adsorbate



molecules to the internal adsorption surface, so the pore size distribution of micropores is

another important property for characterizing adsorptivity of adsorbents.

Commercial adsorbents, which exhibit ultraporosity and which are generally used for
separation of gas and vapour mixture include the activated carbons, activated clay, silica gel,
activated alumina and the crystalline alumino-silicate zeolites. Except zeolites, all others do
not posses ordered crystalline structure and the pores are non-uniform. The distribution of
diameters may vary widely (20 to several thousand angstrom). Hence, all molecular species,

with the possible exception of high molecular weight polymer materials, may enter the pores.

Certain materials (zeolites and carbon molecular sieves) that have very fine and uniformly
sized micropores show significant differences in sorption rates as a result of steric hindrance
to diffusion within the micropores. Such adsorbents offer the possibility of achieving an
efficient kinetic separation based on differences in sorption rate rather than on difference in
sorption equilibrium. Especially materials such as zeolite and carbon molecular sieves can be
specifically engineered with:precise pore size distributions and hence tuned for a particular
separation. Surfa'ce polarity corresponds to affinity with polar substances such as water or
alcohols. If the surface is polar, generally as a result of the presence of ions or polar
molecules strongly bound to the solid surface, it will preferentially attract polar molecules- in
particular water. This is because the field-dipole and/or field gradient-quadrupole interactions
provide additional contributions to the energy of adsorption. This additional energy will arise
only when conditions are fulfilled (i.e., a polar or quadrupolar molecule and a polar
adsorbent). If either of these is lacking, there can be no significant electrostatic contribution
to the energy of sorption. Thus polar adsorbents are termed as hydrophilic while adsorbents

having a non-polar surface are termed as hydrophobic.
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In recent times, the advent of synthetic molecular sieves as physical adsorbents, in spite of
being expensive, enhanced the prospect of adsorption technology. New economic industrial
separation operations based on adsorption were made possible by the use of commercially

available molecular sieves, which have the following advantages:

e They provide good capacity with gases of low relative humidity.
e They are applicable to gases at elevated temperatures.
e They can be used to adsorb water selectively.

* They can be used to remove other selective impurities together with water.

o They can be used for adiabatic drying.

They are not damaged by liquid water.
Commercial applications of molecular sieves are listed in Table-1.1.

1.1.4 Zeolites (Molecular Sieves)
1.1.4.1 Type of Molecular Sieves

Many different types of molecular sieves are available commercially. They represent both
synthetic and natural zeolites. The products are solids as powders, pellets, beads, tablets and
mesh. The most widely used molecular sieves are synthetic zeolites in pelleted form. Some

commercially available zeolite types are listed in Table — 1.2.

1.1.4.2 Structural Aspects of Molecular Sieves

The crystalline zeolites of commercial interest are based on a three dimensional network of
AlQ4 and SiO, tetrahedra which are linked by the sharing of oxygen atoms. In considering the
zeolite frameworks, it is convenient to consider the structures as built up from assemblages

of secondary building units, which are themselves polyhedral made up of several SiO4 and
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AlQ, tetrahedra. The secondary building units and some of the commonly occurring
polyhedra are schematically shown in the Figure 1.1. In the diagram, each of the vertexes
represents the location of a Si or Al atom while the lines represent, approximately, the
diameters of the oxygen atoms, which are very much larger than the tetrahedral Si or Al
atoms. Each aluminum atom introduces one negative charge on the framework, which must
be balanced by an exchangeable cation. The exchangeable cations are located at preferred
sites within the framework and play a very important role in determining the properties of the
adsorbent. Changing the exchangeable cation by ion exchange provides a useful and widely
exploited means of modifying the adsorptive properties.

Chemically, the structural formula for the unit cell can be represented as

Munl[(A102)x(S102)y].zH,0

where M = exchange cation of valence n, z = number of water molecules in unit cells. The
sum (x+y) is constant for a particular unit cell. Unit cells are shown in Figure 1.2 (b) and (c).
The water molecules can be removed with ease upon heating and evacuation, leaving an
almost unaltered aluminosilicate skeleton with a void fraction between 0.2 and 0.5. The
skeleton has a regular structure of cages, which are usually interconnected by six windows in
each cage. The cages can imbide or occlude large amounts of guest molecules in place of
water. The size of window apertures, which can be controlled by fixing the type and number
of cations, ranges form 3 A°to 10 A°. The sorption may occur with great selectivity because
of size of the aperture (and to a lesser extent because of the surface property in the cages) and

hence the name molecular sieve.

The Si/Al ratio in a zeolite is never less than 1.0 but there is no upper limit and pure silica
analogs of some of the zeolite structures have been prepared. The adsorptive properties show

a systematic transition from the aluminum-rich sieves, which have very high affinities for
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eight comners of the cavity. Type Il is at the eight member aperture, directly obstructing the
entrance. Type III is near the four member ring inside the cavity. Type A zeolites are
synthesized in the sodium form, with 12 sodium cations occupying all eight sites in I and
three sites in II, plus one site in III. This is the commercial type 4A zeolite, with an effective
aperture size of 3.8 A°. The sodium form can be replaced by various other cations or by a
hydrogen ion. The commercial type 3A zeolite is formed by exchanging Na® with K,
resulting in a smaller effective aperture size due to the large K. The aperture size of the
sodium form can also be increase by exchanging Na* with Ca*? or Mg*?, since two Na* are
replaced by one bivalent cation. The form of the exchanged Ca*? or Mg*? is type 5A with

rather unobstructed and larger apertures.

The skeletal structure of types X and Y zeolites are the same as that of the naturally
occurring faujasite. The sodalite units are linked through six member prisms, as shown in the
unit cell in Figure 1.2 (c). Each unit cell contains 192 (Si, Al1)O4 tetrahedra. The number of
aluminium ions per unit cell varies from 96 to 77 for type X zeolite, and from 76 to 48 for
type Y zeolite. This framework has the largest central cavity volume of any known zeolite,
amounting to about 50% void fraction in the dehydrated form. A unit cell, when fully
hydrated, contains approximately 235 water molecules, mostly in the central cavity. The
aperture is formed by the twelve —-member oxygen rings with a free diameter of
approximately 7.4 A°. Three major locations are: centre of the six-member prism (I) and
opposite to I in the sodalite cage (I’): similar to I and I’ but further from the central cavity (Il
and II’): and at the twelve member aperture (III and III’). The commercial 10X zeolite

contains Ca* as the major cation, and Na" is the major cation for 13X zeolite.

So, to conclude, molecular sieve zeolites are increasingly being used in commercial

separation and VOCs recovery, due to their ability to preferentially adsorb particular
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molecule and excluding others (Jasra and Bhat, 1987). Again, molecular sieve, being the
most scientific and versatile adsorbent, could be a good option as adsorbent instead of
activated carbon where recovery of an industrial component is concemed (Ruthven and

Sircar, 1995).

Hence, though there are several adsorbents available for adsorption of a single component
from air stream (EA from air in the present case), in the present research work molecular
sieves (e-merck 5A and 13X) have been used. It seems that activated carbon could be enough
for EA adsorption as there is no selectivity involved. The reported literature (discussed
elsewhere in this chapter) provides information that the adsorptive capacity of the fibrous
carbon cloth and crushed activated carbon for ethyl acetate from inert gas was 0.223 g
EA/gm of ﬁbrous cloth and 0.175 g EA/gm of crushed activated carbon respectively. Also
the adsorptive capacity of the activated carbon for ethyl acetate from aqueous solution was
0.15 g EA / gm of activated carbon. Till date as such no information is available on the
adsorption of EA using zeolites from air to make it free from EA. Again, since SA molecular
sieve has comparable pore size with the size of EA, 13X molecular sieve has also been used
to compare the performances of the two molecular sieves for separation of ethyl acetate from

air. The subsequent section of this chapter discusses in detail on properties and sources of

emission of EA and its impact on environment.

1.1.5 Role of Ethyl Acetate as an Air Pollutant

Ethyl Acetate is a clear, volatile, inflammable liquid with a charactenstic fruity odor
detectable at 7 to 50 ppm. This is produced by the esterification of acetic acid with ethyl
alcohol in the presence of catalysts. It has been recognized as one of the hazardous volatile
organic compounds present in the air (Khan and Ghoshal, 2000). Specifications of ethyl

acetate have been presented in Table 1.3.



Sources of Emission

The following operations involve the emission of ethyl acetate into the environment:

e Manufacture and transportation of ethyl acetate being used as a solvent in dry
cleaning and for celluloid, shellacs, and lacquers

e Manufacture of smokeless powder, artificial silk and patent leathers, and
preparation of photographic films and plates

e Manufacture of linoleum and plastic woods, flexible packaging, adhesives, paints,
dyes, pharmaceuticals, drug intermediates, ethyl acetoacetate, acetic acid, n-
nitrosodiethanolamine, artificial fruit flavorings and essences, and perfumes and
fragrances, and during use of duplicator fluid

e Used as a co-extractant of camphor, fats, oils, and antibiotics

Product Description

Ethyl acetate is a flammable liquid and vapor. It has been assigned a flammability rating of 3
(serious fire hazard) by the National Fire Protection Association (NFPA) (www.osha.gov).

* Toxicity

The acute toxicity of ethyl acetate is low. Ethyl acetate vapor causes eye, skin and respiratory
tract irritation at concentrations above 400 ppm. Exposure to high concentrations may lead to
headache, nausea, blurred vision, central nervous system depression, dizziness, drowsiness
and fatigue. Ingestion of ethyl acetate may cause gastrointestinal irritation and with larger
amounts central nervous system depression. Eye contact with the liquid can produce
temporary irritation and lacrimation. Skin contact produces irritation. No chronic systemic

effects have been reported in humans and ethyl acetate has not been shown to be a

carcinogen, reproductive or developmental toxin.
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o Flammability and Explosibility

Ethyl acetate is’a flammable liquid (NFPA rating = 3) and its highly flammable vapor can
travel a considerable distance to an ignition source and flash back. It forms explosive
mixtures with air at a concentration of 2-11% by volume. Hazardous gases produced in ethyl
acetate fires include CO; and CO. Carbon dioxide or dry chemical extinguishers should be
used for ethyl acetate fires. Flammable limits in air (% by volume): Lower, 2.0; Upper, 11.5.
» Reactivity and Incompatibility

Conditions contributing to its instability include heat sparks and open flame. Contact with
strong oxidizers, strong alkalis and strong acids may cause fires and explosions. Ethyl acetate
reacts vigorously with chlorosulphonic acid, lithium aluminum hydride, 2-chloromethyl
furan, oleum, and potassium t-butoxide. Ethyl acetate also attacks some forms of plastics,
rubbers and coatings.

o Storage and handling

Ethyl acetate should be handled in the laboratory using the basic prudent practices,
supplemented by the additional precautions for dealing with highly flammable substances. In
particular ethyl acetate should be used in areas free of ignition sources and quantities greater

than 1 liter should be stored in tightly sealed metal containers in areas separate from

oxidizers.
o Exposure limits (www.osha.gov).

The current Occupational Safety and Health Administration (OSHA) Permissible Exposure
Limit (PEL) for ethyl acetate is 400 ppm (1400 milligrams per cubic meter (mg/m*)) as an 8-

hour Time-Weighted Average (TWA) concentration.



The National Institute for Occupational Safety and Health (NIOSH) has established a
Recommended Exposure Limit (REL) for ethyl acetate of 400ppm (1400 mg/mJ) asa TWA

for up to a 10-hour workday and a 40-hour workweek.

The American Conference of Government Industrial Hygienists (ACGIH) has assigned ethyl
acetate a Threshold Limit Value (TLV) of 400 ppm (1400 mg/m?) as a TWA for a normal 8-
hour workday and a 40-hour workweek.

e Rationale for Limits

The NIOSH limit is based on the risk of eye and respiratory irritation. The ACGIH limit is
based on the risk of adverse health effects and irritation.

Hazardous Effects

o Effects on Animals

Ethyl acetate is a respiratory tract irritant and at high concentrations, it causes narcosis and
depression of heart function (Hathaway et al 1991). The oral lethal dose 50 percent kill (LD
50) for acute exposure to ethyl acetate is 4935 mg/kg for rabbits and 5620 mg/kg for rats and
8-hour rat inhalation lethal concentration 50 percent kill (LC 50) are 1600ppm (Sax and
Lewis, 1989). Cats exposed to 9000 ppm for 8 hours suffered from respiratory irritation and
laboured breathing. Cats exposed for 45 minutes to 20,000 ppm showed deep narcosis, while
exposure to 43,000 ppm for 14 to 16 minutes was lethal, symptoms of autopsy, pulmonary
edema, haemorrhage and hyperemia of lungs were noted. Repeated 4-hour exposures to 2000
ppm were well tolerated by experimental animals such that no changes in the cellular
components of the blood were noted. However, repeated exposure of rabbits to 4450 ppm
caused liver damage and secondary anemia, with elevated white blood cell counts (NLM,A
1992). Conjunctival irritation without comeal damage occurred in rabbits exposed

chronically to ambient ethyl acetate concentrations that were intolerable to humans. Liquid
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ethyl acetate instilled into the eyes of rabbits cause orbital irregularities of the cornea that
completely resolved within 2 days (Grant, 1986).

J Effects on humans

Ethyl acetate is an irritant of the eyes and the upper respiratory tract at concentrations above
400 ppm (NLM, 1992). Unacclimated human volunteers experienced nose and throat
irritation at 400 ppm, but no adverse symptoms were found in workers exposed to 375 to
1500 ppm ethyl acetate for several months. Ethyl acetate occasionally causes sensitization,
with inflammation of the mucous membranes and eczema of the skin (Hathaway et al 1991).
Workers exposed chronically to ethyl acetate concentrations ranging from 0.015 to 0.05

mg/m> and 0.02 to 0.08 mg/m3 amyl acetate in air showed only redness of the conjunctiva

(Grant, 1986). Signs and symptoms of exposure include the following:

(a) Acute exposure: Ethyl acetate causes iritation, redness and tearing of the eyes and
irritation of the nose and throat. It is a defatting agent and may cause skin dryness after acute
exposure. Sensitisation of the lining of the nose may occur with symptoms of inflammation

(swelling, runny nose, redness of lining).

(b) Chronic exposure: Chronic exposure of the skin to ethyl acetate may cause dermatitis; no
other systemic effects have been reported from the chronic exposure to ethyl acetate (Grant,

1986).

1.1.6 Importance of the Problem

Ethyl acetate is an important solvent used in petrochemical and polymer industries. It is
commonly emitted from industrial plants and is often a constituent of industrial wastes (Tan
and Liou, 1988). Ethyl acetate vapour present in air is one of the toxic Volatile Organic

Compounds (VOCs) (Khan and Ghoshal, 2000). Stringent regulations have already been
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enforced in different countries for VOCs emissions (Khan et al 1999). Many researchers
across the world engaged themselves to find out economically feasible solution for the
removal or recovery of VOCs for an environment-friendly technique. The details have been
discussed later in this chapter. Though the toxicity of EA may not be so alarming, still it is
also an environmental necessity to enquire after the techniques and processes for the removal
or recovery of EA from air. Till date very little information is available on removal or
recovery of EA from air. Adsorption is becoming more and more important as the basis of
separation processes for gas mixtures due to the development of useful continuous and batch
techniques and the use of new synthetic adsorbents with molecular sieve properties (Costa, et
al 1991). The present research work aims at investigating the potential of adsorption

technique and the molecular sieves for separation of EA from polluted air.

1.1.7 Objective of the work
Realising the importance of the probl(?m the present research work has been undertaken with
the following objectives:
e Adsorption equilibrilim and kinetic studies for ethyl acetate in different molecular
sieves, namely E-merck 5A and E-merck 13X.
e Evaluation of equilibrium and kinetic parameters as input to the model for dynamic
studies.
e Comparison of adsorption capacities, kinetic and breakthrough data of different
molecular sieves.
e Comparison of model prediction with the experimental adsorption behaviour.
e Adsorption dynamic studies in detail to understand the mechanism of ethyl acetate

adsorption in different molecular sieves.
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1.2 Literature Review

Adsorption has been recognized as the most practical regenerative methods for separating
and recovering VOCs from the industrial flue gas streams. In recent years, new adsorbent
materials (Lo et al 1996) and sorption methods have been actively studied for the efficient
separation of VOCs from polluted air streams (Singh et al 2002). The detailed literature

survey has been conducted for adsorption of VOCs/hydrocarbons on activated carbon and

zeolite matenials.

The literature survey presented here has been divided into three categories as below.
1. Available control /abatement techniques for controlling VOCs
2. Determination of equilibrium adsorption relation and kinetic parameters

3. Adsorption modeling and simulation supported by experimental data in some cases

1.2.1 Available Control/Abatement Techniques

Several research papers have been published in the literature mentioning the different
control/ abatement techniques for controlling VOCs. Depending on the nature of pollutant,
concentration of pollutant in exit streams, and other operating conditions, available

control/abatement technique can be selected. Different control/abatement techniques studied

by different authors are mentioned below.

Cantrell (1982) analysed several techniques to recover vapours from loading operations and
processing units in the process and related industries. They concluded that as the value of
feedstock continues to increase the value of vapours lost from processing facilities would
also increase and favour the use of updated technology to minimize overall production costs

and ensure environmental requirements are met. The author has discussed activated carbon

adsorption for hydrocarbon separation.
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Ruhl (1993) recognized adsorption as a proven and reliable pollution control technology that
has the benefit of recovering valuable materials for reuse. His study highlighted the use of
adsorbent, activated carbon, primarily for the recovery of important solvents like toluene,

heptane, acetone, ethyl acetate, etc. He recommended the use of other adsorbents like

hydrophobic zeolites with precise pore size, allowing selective adsorption of some specific

VOCs.

Pezolt et al (1997), researchers from the DOW Chemical Company, successfully applied the
SORBTHENE Solvent Recovery Unit technology, a pressure swing adsorption process, to
meet the increasingly stringent gasoline and light hydrocarbon vapour emission standards. A
field trial demonstrated 99+% recovery efficiencies at a major US gasoline storage and

distribution terminal.

Ghoshal and Manjare (2002) studied several advanced concepts of adsorption in view of
providing economic solutions for separation of VOCs from gaseous mixture. Their work was
an attempt to establish a qualitative guideline for the selection of the appropriate technique
(from amongst PSA, TPSA, TCPSA, SMBA) for recovery of VOCs, keeping in view the

type and concentration of VOCs, VOCs vs. adsorbent suitability and the extent of separation

required.

Moretti (2002) studied the abatement technologies available for controlling emissions of
volatile organic compounds and hazardous air pollutants and the criteria for choosing among

them.
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1.2.2 Equilibrium and Rate Studies

Varieties of research work on adsorption equilibrium and kinetic studies for selected VOCs
have been published in recent years. Different theories have been used for determination of
the type of adsorption equilibrium relation and kinetic rate parameters. The relevant studies

concerning the equilibrium relation and rate parameters are mentioned below.

Riekert (1971) studied the kinetic patterns of sorption, desorption and sorbate exchange for
several C,- Cs hydrocarbons in synthetic zeolites of the mordenite T and Y structures. They
concluded that the rate observations can best be represented by a model of sorption on
interstitial sites in the solid, rather than by a model based on the analogy with macroporous
sorbents. The number of vacant sites changes in time during the process of sorption, whereas

it can remain constant if one sorbate is exchanged against another one.

Ruthven and Doetisch (1976) investigated the kinetics of sorption of four representative
hydrocarbons namely, n-heptane, hexane, benzene and methylbenzene on 13X zeolite
crystals. Extensive diffusivity data are presented showing the dependence on sorbate
concentration and temperature. The form of concentration dependence of the diffusivity for
these systems was very similar to that of the small mono-atomic and diatomic molecules in
5A zeolite. Thus the key factor, which determines the diffusion behavior, was the relative
size of diffusing molecule and sieve window. For these hydrocarbons in the 13X sieve, as for
the mono-atomic and diatomic gases in 5A, the critical diameters of the diffusing molecules

are all appreciably smaller than the free diameter of the windows.

Jasra and Bhat (1987) reported measurements on sorption kinetics of n-paraffins viz. n-
heptane, n-nonane, n-decane, n-dodecane, and n-tridecane on molecular sieve SA from m-

xylene, p-xylene, ethyl benzene, and methyl cyclohexane. Apparent diffusivity coefficients
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have been determined from the kinetic data. The effect of carbon chain length, preadsorbed

water and different nonadsorbing solvents on the kinetics of the sorption has been examined.

Kubota et al., (1989) studied the adsorption of propylene gas on molecular sieves 4A pellets.
The heat of adsorption and the effective diffusion coefficient of propylene gas were
estimated and measured, respectively. It was observed from kinetic studies that the transfer
of the adsorbable species within the molecular sieve pellet was controlled and limited by

micropore diffusion.

Yeh et al (1989) reported experimental results for equilibrium adsorption and diffusivities of
CHs, C3He and CO; in type A zeolite containing mixed sodium and potassium ions. The
percolation model interprets the equilibrium adsorption data, and stochastic results are

derived for the diffusivity in zeolites with mixed cations.

Costa et al (1991) studied equilibrium adsorption isotherms of ethylene, propane, propylene,
and carbon dioxide on 13X zeolite. Experimental data of adsorption isotherms were fitted to
Langmuir, Prausnitz, and BET equations, showing the best results with Prausnitz isotherms.

Binary adsorption isotherms for all binary systems were also obtained.

Cal et al (1994) developed adsorption isotherms for the adsorption of acetone and benzene
onto activated carbon fibres (ACF). The isotherms were then fitted to Freundlich equation
and Dubinin-Radushkevich equation. The measured adsorption isotherms of acetone and
benzene were well fitted to modelled results using Freundlich and Dubinin-Radushkevich

equations.

Olivier et al (1994) measured adsorption isotherms of butane, 2-methylpropane and 1-butene

on activated carbon. The adsorption equilibria were correlated by the Flory-Huggins form of
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the vacancy solution model. It was found that compounds with the same number of carbon
atoms, the capacity increases with the presence of a double bond and decreases with a

branched structure.

Malek and Farooq (1996) studied different isotherm models for correlating equilibrium
results of methane, ethane and propane in activated carbon. They investigated the limiting
behaviours as well as the pressure and temperature derivatives of the equilibrium isotherm

models.

Ruthven and Kaul (1996) have reported the experimental equilibrium isotherms, Henry’s law
constants, and heats of sorption for adsorption of n-hexane, benzene, toluene, p-xylene,
mesitylene, naphthalene, trimethylbenzene (TMP), and hexamethylbenzene (HMB) in La-

exchanged zeolite Y.

Triebe et al (1996) studied the adsorption of methane, ethane, and ethylene on molecular
sieve zeolites to determine the potential for the separation of ethylene from light
hydrocarbons. The molecular sieves chosen for the study were H-modemite and 13X, CaX,
4A and 5A zeolites. Henry's law constant were determined over a varety of temperature

changes. Equilibrium separation factors for the ethylene/methane system were provided for

all zeolites over various temperature changes.

Silva and Rodrigues (1997a) studied the adsorption and diffusion of n-pentane in pellets of
5A zeolite. The adsorption equilibrium was interpreted with a model of localized adsorption
in a homogenous surface, assuming that a molecule when adsorbed occupies a certain

number of active sites with no interaction with sorbed molecules. Kinetic data clearly showed

that the macropore diffusion was the controlling mass-transfer mechanism.
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Yun and Choi (1997) studied adsorption isotherms of benzene and methylbenzene vapours
on activated carbon. The study showed that the maximum adsorption capacity of benzene on

activated carbon is higher than that of methylbenzene.

Yun et al (1998a) studied the adsorption equilibria of dichloromethane, 1,1,1-trichloroethane
and trichloroethylene on activated carbon. The Toth and Dubinin-Radushkevich equations
were used to correlate experimental isotherms. Thermodynamic properties such as the
isosteric heat of adsorption and Henry’s constant were calculated. It was found that values of
isosteric heat of adsorption were varied with surface loading. Henry’s constant showed that
the order of adsorption affinity is 1,1,1-trichloroethane, trichloroethylene and

dichloromethane.

Yun et al. (1998b) reported the experimental isotherms and prediction results for adsorption
of benzene, toluene, dichloromethane and 1,1-dicholoro-1-flouroethane on hydrophobic Y-
type zeolite. Isotherm showed the type-V shape according to the classification by Brunauer et
al. (1940) The Clausius-Clapeyron equation used to calculate the isosteric heat of adsorption
provided simple and reliable prediction of adsorption equilibrium relationships at various

temperatures.

Dolidovich et al (1999) reported some findings on theoretical and experimental research
studies of mechanical, structural, physical and chemical properties, micro- and macro Kinetic
adsorptive, catalytic and regenerative characteristics of heterogeneous alumina catalyst-
adsorbents used for decontamination of individual volatile organic compounds (VOC), such
as acetone, benzene, butylacetate, butylalcohol, xylene, ethyl acetate and their multi-
component mixtures. They discussed the novel technologies of VOC decontamination in

fixed, moving and fluidized catalyst-adsorbent beds. They found the adsorptive capacity of
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the fibrous carbon cloth and crushed activated carbon for ethyl acetate from inert gas was

0.223 g EA/gm of fibrous cloth and 0.175 g EA/gm of crushed activated carbon respectively.

Silva and Rodrigues (1999) investigated the propylene and propane single adsorption
isotherms and mass transfer kinetics over 13X and 4A zeolite pellets. Their work showed that
13X zeolite shows a higher loading capacity and lower mass transfer resistance while 4A
zeolite shows the highest selectivity for propylene. Kinetic studies indicated that the

macropore diffusion controls the mass transfer inside 13X zeolite pellets while micropore

diffusion controls the propylene adsorption on 4A zeolite pellets.

Padin et al (2000) studied the gas phase separation of propane-propylene system with new
sorbents, two new sorbents namely, NaLi -type A zeolite (NaLiA) and aluminophosphate
AlPO,4 -14 zeolite have been proposed for separation of propane-propylene system by
adsorption. NaLiA is based on the principle of partially replacing some of the large Na*
cations in commercial 4A (NaA) zeolite with smaller Li* cations in order to improve C3Hs
uptake rates while at same time limiting C3;Hg adsorption. AIPO,4-14_zeolite is capable of

sterically excluding C3Hg due to its unique pore structure. In both cases, 99% propylene

product purities could be obtained at reasonably high recoveries and throughputs.

Choudary et al (2002) studied the equilibrium adsorption isotherms of ethylene, ethane,
propylene and propane on an Ag'-impregnated clay-based alkene-selective adsorbent,
Olesorb-1. This adsorbent exhibited very high adsorption capacities, heats of adsorption and
adsorption selectivity for ethylene and propylene over the corresponding alkanes. The
adsorption selectivity was described to the interaction between the silver ions and the =
electrons of the alkene molecules. The selectivity decreased with increasing alkene

composition in the gas phase. A sharp decrease in the ethylene and propylene heats of
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adsorption was observed with increasing coverage. The diffusion of the alkenes was rapid
compared to that of the corresponding alkanes. The isotherm data correlated well with the

Langmuir- Freundlich isotherm model for all the systems.

Ding et al (2002) have studied the kinetics of single component adsorption on activated
carbon using a heterogenous vacancy solution theory (VST) of adsorption. Experimental
equilibrium data of five hydrocarbons viz. ethane, propane, butane, benzene, and toluene and
polar compounds, CO, and SO, were fitted to heterogeneous VST model to obtain isotherm
parameters. The adsorption isotherm was developed to account for the adsorbate non-ideality
due to size difference between the adsorbate molecule and the vacant site, while
incorporating adsorbent heterogeneity through a pore-width-related potential energy. The
transport processes in the bidisperse carbon considers couple mass transfer in both macropore

and micropore phase simultaneously.

Grande et al (2002) presented the equilibrium and kinetic data for propane and propylene
adsorption on pellets and crystals of SA zeolite. The kinetic data presented indicate that the

transport of sorbate in the pellet is controlled by macropore diffusion.

Huang et al (2002) investigated the gas-phase adsorption of acetone and n-hexane by
activated carbons with different pore structures. A bituminous coal was chosen as the
precursor of activated carbon and high porosity carbons were produced via a chemical
activation route using KOH as the chemical reagent. Increasing the activation temperature
increased both the porosity and the pore size. The equilibrium adsorption capacity for organic
compounds increased with carbon porosity, but not proportionately. By incorporating pore
size distribution with the Dubinin-Radushkevich equation using an inverse proportionality

between the micropore size and adsorption energy, the isotherms for adsorption onto
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different carbons were predicted. Simulations indicated that the adsorption energy, which is

an inverse function of the micropore size, determines the adsorption capacity.

Prasetyo et al (2002) studied surface diffusion of strongly adsorbing hydrocarbon vapours on
activated carbon. Propane, n-butane, n-hexane, benzene, and ethanol were used as diffusing
adsorbate on a commercial activated carbon. It was found that the surface diffusivity of these
strongly adsorbing vapours increases rapidly with loading, and the surface diffusion flux
contributes significantly to the total flux and cannot be ignored. The surface diffusivity

increases with temperature according to the Arrhenius law, and for the paraffins tested it

decreases with the molecular weight of the adsorbate.

Singh et al (2002) studied the adsorption behavior of hexane and benzene in a single-
component and in a mixture system onto activated carbon fabric cloth. The experimental
adsorption isotherm data were correlated with Langmuir and Freundlich adsorption
isotherms. The adsorption of n-hexane was found to be more in comparison to benzene.

Kinetic studies concluded that internal diffusion controls the adsorption of benzene and n-

hexane on activated carbon cloth.

Zhou et al (2002) had experimentally proved the enhancement effect of preadsorbed water on
methane storage on activated carbon. Adsorption isotherms of methane on dry and wet
activated carbon with different water content were measured. A sudden change in the
methane uptake mechanism that was indicated by the inflection point of isotherms was
observed. The measured amount adsorbed always decreased with the increasing water

content of carbon before the inflection point.
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1.2.3 Dynamic Studies
Several research articles based on theoretical and experimental studies for adsorption of

selected VOCs have been reported in the literature. Follows below are the discussion on such

relevant literatures related to adsorption of selected VOCs.

Sowerby and Crittenden (1988) performed column studies to determine the ability of
silicalite to selectively remove the alcohols (ethanol, n-propanol, 2-propanol, 1-butanol, 2-
butanol, 1-pentanol) from vapour streams containing high concentrations of water. The
phenomenon of roll up was observed for both water and each alcohol studied. The
magnitude of each roll-up and the analysis of the breakthrough curves suggest that the rate of
mass transfer in the crystalline structure of silicalite not only decreases as the carbon chain
length increases for straight chain alcohols but also is higher for straight chain alcohols than

for the corresponding branched chain isomers.

Tan and Liou (1988) studied desorption of ethyl acetate form activated carbon by
supercritical carbon dioxide. It was found that the adsorptive capacities after several
regeneration cycles were still close to that of virgin carbon and remained stable. The effect of
temperature, pressure, and flow rate on regeneration efficiency was also investigated.
Regeneration was more favourable at higher pressures, but optimal temperature was found to
depend on pressure. A one parameter mathematical model assuming linear desorption
kinetics was proposed which agreed well with the experimental data. They also reported the
adsorptive capacity of the activated carbon for ethyl acetate from aqueous solution to be 0.15

g EA / gm of activated carbon.
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Ritter and Yang (1991) studied experimentally and theoretically the separation of dimethyl
methylphosphonate (DMMP) vapour from air in activated carbon using Pressure Swing
Adsorption (PSA). Different operating variables, like feed concentration, cycle time,
volumetric purge to feed ratio and high to low pressure ratio were studied to know effect of

these variables on the process performance.

Huang et al (1993) studied expenimentally and theoretically the adsorption of acetone vapour
from a nitrogen stream using a fixed bed of activated carbon. A linear driving force mass
transfer model was used to fit the experimental data and was found to provide a good fit to
the experimental data. The system was found to be an intrapartical mass transfer controlled

process.

Liu and Ritter (1996) theoretically studied the removal of benzene vapour from nitrogen
using an activated charcoal using pressure swing adsorption (PSA). The parameters i) effect
of purge to feed ratio ii) effect of pressure level iii) effect of pressure ratio iv) effect of feed
flow rate v) effect of feed concentration vi) effect of heat transfer coefficient vii) effect of
cycle time viii) effect of adsorption step time and ix) effect of bed length to diameter ratio
were investigated to ascertain their effects on the process performance. The trends from the

parametric study showed that the process performance was affected significantly by all of

these parameters.

Martinez and Basmadjian (1996) presented a general adsorption isotherm for gases and gas
mixtures which separates due to adsorbate size, loss of symmetry or chemical dissociation,

clustering and molecular interactions in the adsorbate phase. They studied adsorption of CO»,

ethane, ethylene and isobutane and their mixtures on zeolite 13X.
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Hwang et al (1997) studied both experimentally and theoretically the adsorption and
regeneration of methylene chloride vapour in a fixed bed of activated carbon, using nitrogen
as carrier gas. A non-equilibrium, non-isothermal and non-adiabatic mathematical model was
developed to calculate the concentration and temperature curves for both adsorption and
regeneration runs. A linear driving force mass transfer model was found to be an acceptable
fit to experimental data. Experimental and modelling results were used to study the effects of
operation variables, such as, initial bed temperature, feed concentration of adsorption step

and purge temperature. Also, regeneration efficiency was discussed on the basis of specific

energy requirement and purge gas consumption.

Ray (1997) spotlighted the economic removal of malodorous and toxic organics by means of
adsorption with activated carbon. They studied the adsorption of VOCs viz butane, decane,

toluene, methyl chloride, methylene chloride, formaldehyde, methyl alcohol, and isopropyl

alcohol.

Silva and Rodrigues (1997b) performed a detailed study of adsorption and diffusion of n-
hexane in commercial pellets of SA zeolite. The adsorption equilibrium was interpreted with
a model of localized adsorption in a homogenous surface, assuming that a molecule when
adsorbed occupies a certain number of active sites with no interaction between sorbed
molecules. The effect of temperature, partial pressure of sorbate and total flow rate was

studied in a fixed bed.

Silva and Rodrigues (1997c¢) studied the adsorption of feed mixtures of n-pentane. isopentane
and nitrogen in fixed-bed adsorbers containing pellets of 5A zeolite. The effects of the partial
pressure of the sorbate, temperature, and total flow rate of the mixture on the behaviour of

the system were experimentally analysed and compared with model predictions.
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Suyadal et al (2000) investigated the adsorption of trichloroethylene (TCE) vapour in a
laboratory-scale packed-bed adsorber using granular activated carbon (GAC). They studied
the effects of TCE inlet concentration, operating temperature and mass of the adsorbent on
the TCE breakthrough curves and tested the deactivation model for these curves by using the
analogy between the adsorption of TCE and the deactivation of catalyst particles. It was
found that the deactivation model describes the experimental breakthrough curves more

accurately compared to the adsorption isotherms given in the literature.

Cheng et al (2002) discussed the electrothermal desorption, an electricity promoted
desorption technology. It is extremely straightforward and efficient when the adsorbent is
electrically conductive. Electrochemical desorption shows distinct advantages over the

traditional methods. They studied desorption of benzene from activated carbon using the

electrothermal desorption.

Gupta and Verma (2002) studied the removal of di-methyl chloride (DMC) and toluene in air
by cryogenic condensation and adsorption. They found out that condensation is a suitable and
efficient method of VOC removal if emissions levels are high (>1%) while adsorption would

be the preferred technique if the VOC emission levels are low i.e., parts per million (ppm), or

~

sub ppm. Their work draws the conclusion that if the concentration of VOCs in the effluent

stream varies over a wide range, condensation followed by adsorption is an effective

technique to control the emissions.

1.2.4 Conclusion on Literature Survey

The detailed literature survey reveals that several researchers have been concemned since a
few decades for the removal/recovery of VOCs / hydrocarbons. They studied different VOCs

/ hydrocarbons include hexane, benzene, n-heptane, i-penténe, propane, propylene, heptane,
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methylbenzene, methyl chloride, trichloroethylene, ethylene, ethane, di-methyl chloride,
toluene, acetone and methane. They have been using adsorption as the technique with
different kinds of adsorbents. Adsorbents used were activated carbon, molecular sieves SA
and 13X, and sometimes specifically developed adsorbents. Most of the reported studies have
focussed on the equilibrium and kinetic studies and their adsorption behaviour as a single
component as well as multi-component systems. Results of these studies were to conclude on
whether the mass transfer was micropore or macropore diffusion controlled; adsorptive
capacities of the adsorbents; suitability of the type of isotherm to represent the equilibrium;
and on the effects of parameters controlling the dynamics of the system. A few desorption
studies have also been reported to conclude upon the ease of recovery. A few available
reported literatures on adsorption of ethyl acetate provide information that the adsorptive
capacity of the fibrous carbon cloth and crushed activated carbon for ethyl acetate from inert
gas was 0.223 g EA/gm of fibrous cloth and 0.175 g EA/gm of crushed activated carbon
respectively. Also the adsorptive capacity of the activated carbon for ethyl acetate from
aqueous so]’ﬁtion .was 0.15 g EA / gm of activated carbon. Till date as such no information is
available on the equilibrium adsorption of EA onto molecular sieves, type of isotherm
suitably representing equilibrium adsorption behaviour, isotherm and kinetic parameters
during the process of adsorption and identification of pertinent parameters and their effects
on the dynamic adsorption behaviour of EA from air in fixed bed of molecular sieves.
Keeping these in view and realising the importance of the problem, the present research
problem has been undertaken to generate data for ethyl acetate ads-orption in molecular sieves

to meet up the aforementioned objectives.
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Table 1.1:Commercial applications of molecular sieve as adsorbent

A | For Purification B | For Bulk Separation
I | Drying of: I | Normal/iso-paraffin separation
Natural Gas (including LNG)
Cracked Gas (Ethylene Plants)
Refrigerant
II | CO, removal from: II | Xylene separation
Natural Gas
Cryogenic air separation plants
I | Sulphur compound removal
Sweetening of natural gas or liquefied III | Olefin separation
petroleum gas
IV | Pollution Abatement
Removal of Hg, NOx, SO« IV | Oxygen from air
Table 1.2: Zeolite types in commercial applications
Zeolite Minerals Synthetic Zeolites
Mordenite Na, K, Ca forms
Chabazite X- Na, Ca, Ba forms
Erionite Y- Na, Ca, NH, , rare earths
Clinoptilolite L- K, NH,4 forms
Omega- Na, H forms
Zeolon-H, Na forms
Mordenite
ZSM-5- various forms
F-K form
W-K form
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Table 1.3: Specifications of ethyl acetate

Name Ethyl Acetate
Classification Ester

Formula CH;COOC,H;
Molecular Weight 88

Physical Properties

Colourless liquid
Boiling Point 77 °C, Melting Point -84°C

Freely soluble in alcohol and acetone, moderately

Solubility
soluble in water (9 g/100 ml)
Vapor Density 3.0 (air=1.0)
Vapor Pressure 76 mm Hg at 20°C
Flash Point -4°C
Auto Ignition Temperature 427°C

Relative Density

0.895 to 0.898 at 27 ’C/27°C

Toxicity Data

LCs oral (rat) 5620 mg/kg

LCsp inhale (rat) 1600 ppm

PEL (OSHA) 400 ppm (1400 mg/m®)
TLV-TWA (ACGIH) 400 ppm (1440 mg/m®)
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Figure 1.1: (a) Secondary building units and (b) Commonly occurring polyhedral units in

zeolites framework structures
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Figure 1.2: Line representation of zeolite structure: (a) sodalite cage, or truncated
octahedron (b) type A zeolite unit cell (c) unit cell of types X and Y, or
faujasite (d) cation sites in type A (there are eight I, three II, and twelve III sites

per unit cell) (e) cation sites in types X and Y( 16 I, 32 I, 32 II, 32 II’, 48 III,

and 32 III” sites per unit cell).
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CHAPTER 11

MODEL DEVELOPMENT

The successful application of adsorption as an industrial separation technology requires
intensive study of phenomena such as equilibria and the kinetics of adsorption, coupled with
mathematical model that correctly describes the dynamics of adsorption columns (Silva &
Rodrigues, 1997a). To understand the adsorption behaviour of ethyl acetate (EA) using
molecular sieves (E-merck 5A & 13X) for the present study, detailed experimentation on
equilibrium study and dynamic study have been performed. The generated experimental data
on adsorption isotherm have been used to correlate the type of isotherm most suitable for EA
adsorption. The generated breakthrough data have been used to validate the dynamic model,
which has been used subsequently for theoretical study on the dynamics of EA adsorption.
This chapter discusses three different equilibrium isotherm models, which have been tested
to find the best suitable one for EA adsorption. It also presents the mass transfer mechanism
and thereafter the models for determination of mass transfer coefficients. Finally, the
mathematical model developed from fundamental mass & energy balance equations for the

dynamic study has been discussed in detail along with the scheme of numerical solution.

2.1  Models for Adsorption Isotherm

An adsorption isotherm equation is an expression of the relation between the amount of
solute adsorbed and the concentration of the solute in the fluid phase at a given temperature.

A number of equilibrium isotherm models can be utilized for correlating equilibrium results.
Some of these models have gained more importance than others due to their simplicity and
ubiquitous applicability. Accuracy of an isotherm model is generally a function of the

number of independent parameters in the model, while its popularity in relation to process
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application is generally a function of its mathematical simplicity (Malek & Farooq, 1996).
Amongst the several isotherm models reported so far, the commonly used isotherm models
such as Freundlich isotherm, Langmuir isotherm and Langmuir-Freundlich isotherm have
been discussed below. These models have been used to correlate the generated isotherm data

in the present study and the details have been presented in section 4.1.

2.1.1 Freundlich Adsorption Isotherm
The Freundlich isotherm is expressed as
q =Kc" (2.1)
Where, ¢° is amount adsorbed at equilibrium (kg/kg), K and n are Freundlich constants and

¢ is concentration of adsorbate in the fluid phase inside column (kg/m3 ).

2.1.2 Langmuir Adsorption Isotherm

The Langmuir equation may be written as

q_° _ bc
g, l+bc (22)

Where, q, is saturation capacity of adsorbent (kg/kg), & is Langmuir adsorption equilibrium

constant (m>/kg) and ¢ is concentration of adsorbate in the fluid phase in side column
(kg/m’).

Van’t Hoff equation (Ruthven 1984), relates the Langmuir adsorption equilibrium constant b

to the free energy of adsorption.

b=be ™ (2.3)

where, AH is heat of adsorption (J/kg). R, is universal gas constant (J/kg/K) and T, is gas

phase temperature (K).
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2.1.3 Langmuir-Freundlich Adsorption Isotherm
To obtain greater flexibility in empirical correlations, the Langmuir and Freundlich isotherms

are combined to express Langmuir - Freundlich adsorption isotherm and is represented by

q bc"

= 2.4
g, l+bc” (2.4)

The equilibrium constant b is related to the free energy of adsorption by equation 2.3 and n is

Langmuir-Freundlich constant.

2.1.4 Determination of Isotherm Model Parameters

Isotherm model parameters are determined by fitting the experimental equilibrium data using
the different isotherm models discussed above and reported in sectio 4.1. Temperature

dependency of Langmuir constant b has been calculated using Van’t Hoff equation (Eq. 2.3).

2.2 Mass Transfer Mechanism

In a composite adsorbent, there exist three distinct resistances viz. external film resistance,
macropore resistance and micropore resistance. Under practical conditions of operation, the
external film resistance is seldom, if ever, rate limiting so that the sorption/desorption rate is

generally controlled by either macropore or micropore diffusion or by the combined effects

of these resistances.

In general mass transfer mechanism of an adsorption process with molecular sieve zeolites as
adsorbent includes five steps viz. fluid-film transfer, macropore diffusion, surface adhesion,
surface diffusion and micropore diffusion. Since the surface adhesion rate approximates the
order of the collision frequency of the gas molecules on the solid surface, which is much
greater than that for the rate process, equilibrium has been assumed to achieve

instantaneously at the interfaces. Pore diffusion and surface diffusion generally take place
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simultaneously. In molecular sieves, pore diffusion is the significant mode of transport
(Ruthven & Loughlin, 1972). Combination of the film transfer and pore diffusion can be
represented as an overall rate controlling step and the corresponding resistance is the overall
mass transfer resistance and inverse is the overall mass transfer coefficient which may vary
with adsorbate adsorbent system and operating conditions. Usually the overall mass transfer
coefficient is determined from the uptake curve as being discussed later. Apart from this
usual procedure, an attempt has also been made here in the present study to determine the

overall mass transfer coefficient using Linear Driving Force (LDF) rate equation, which has

been described subsequently.

2.2.1 Determination of Mass Transfer Coefficient

The overall mass transfer coefficient has been determined from uptake rate and LDF rate

expressions. The procedures have been explained in detail in section 4.1.

2.2.1.1 Mass Transfer Coefficient Determination Using Uptake Rates
For most particle shapes, representation as an equivalent sphere is an acceptable
approximation and transport may therefore be described by a diffusion equation, written in

spherical coordinate with the assumption of constant diffusivity as

% _p (2 94+259) (Ruthven, 1984) 2.5)
ot ‘<t or r cr

The solution of this equation with suitable initial and boundary conditions (Ruthven, 1984)

for the uptake curve is given by the familiar expression

i_z ( n n'ZD t} 2.6)

n=| ’(.

-Q

where, q/q” s the fractional approach to equilibrium.



Equation (2.6) can be used to find the diffusional time constant, D./r.”. This expression
converges rapidly in the long time region since the higher terms of the summation become

vanishingly small. For fractional uptakes greater than 70% only the first term may be

retained to obtain.

2
-9 i,exp[— 7 D J (Ruthven, 1984; Yang, 1987) @.7)
q V/ r

c

In the long time region a plot of ln(l - i] versus t should be linear with slope — 7* D; and
q r

intercept In(6/7%). Such a plot provides in principle, a simple method of both checking the
conformity of an experimental uptake curve with the diffusion equation and determining the
diffusional time constant. Overall mass transfer coefficient (k) in LDF expression is
approximately related to the diffusional time constant by the relation, k= 15(Dc/rc2). The

validity of this approximation has been confirmed for many different initial and boundary

condition (Yang, 1987).

2.2.1.2 Mass Transfer Coefficient Determination Using the LDF Rate Expression
In most adsorption systems, the kinetics is controlled mainly by intra-particle diffusion. The
diffusion-controlled kinetics may be satisfactorily represented by the following Linear

Driving Force expression (LDF).

a L]
a—‘t’ = k(g - g)(Yang 1987) (2.8)

2.3 Model for Dynamic Study

In the industrial application of adsorbents, which is usually contacted by fluid flowing
through a packed bed, the overall dynamics of the packed bed system control the design and

determine the efficiency of the process. From the perspective of a designer, prediction of the
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breakthrough curve from basic kinetic and equilibrium data is necessary since this provides a
method of predicting dynamic capacity of a the column without recourse to extensive
experimentation. The complexity of the dynamic behaviour of an adsorption column is
directly related to the number of components and nature of operation since these factors
determine the number of mass transfer zones or transitions. Adsorption systems can be
classified with increasing complexity as follows (Ruthven, 1984).

1. Single Transition System (Single Mass Transfer Zone)

a. One adsorbable component plus inert carrier: isothermal or near isothermal operation

b. Two adsorbable components (no carrier): isothermal or near isothermal operation

2. Two Transition Systems (Two Mass Transfer Zones)

a. Two adsorbable components plus inert carrier: isothermal operation
b. Three adsorbable components (no carrier): isothermal operation

c. One adsorbable component plus inert carrier: adiabatic operation

d. Two adsorbable components (no carrier): adiabatic operation

3. Multiple Transition Systems (Multiple Mass Transfer Zones)

a. Four or more components: isothermal operation

b. Three or more components: adiabatic operation

c. Three components, isothermal operation with selectivity reversal

d. Two components, adiabatic operation with selectivity reversal

The dynamic behaviour of an adsorption system may be classified according to the nature of
the mass transfer front and the complexity of the mathematical model required describing the

system. Solely the form of the equilibrium relationship determines the nature of the mass
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transfer front, while the complexity of the mathematical model depends on the concentration

level, the choice of rate equation, and the choice of flow model.

Following classification provides a useful framework for more detailed analysis.

1) Nature of equilibrium relationship

(a) Linear Isotherm: It is characterized by dispersive behaviour. Analytical solutions for

step or pulse response can generally be found.

(b) Favourable response: Concentration front approaches constant pattern form.
Analytical solutions for asymptotic constant pattern profile are easily obtained, but a
general analytical solution for the breakthrough curve or pulse response is only
possible in a few special cases.

(¢) Unfavourable isotherm: It is also characterized by dispersive behaviour. It is most
commonly observed during desorption of a favourably adsorbed species. Analytical
solutions are generally not possible.

2) Isothermal or near isothermal

(a) Isothermal: Heat transfer resistance can be neglected. The spreading of the
concentration front is due entirely to axial dispersion and mass transfer resistance.
This is the usual situation in a chromatographic system in which the adsorbable
component is present only at low concentration in an inert carrier.

(b) Near Isothermal: Heat transfer between fluid and solid is slow enough to cause

additional broadening of the concentration front although heat transfer between the

column and the surroundings is still fast enough to prevent the formation of a distinct

thermal front and associated secondary mass transfer zone.
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3) Concentration level of adsorbable components
(a) Trace systems: The adsorbable component is present only at low concentration in an

inert carrier. Changes in fluid velocity across the mass transfer zone are therefore
negligible.

(b) Nontrace systems: The adsorbable species are present at sufficiently high
concentration levels to cause a significant variation in, fluid velocity across the mass

transfer zone. Such effects are usually significant only for gaseous systems.

4) Flow model
(a) Plug flow: Axial dispersion is neglected so that the term -D,0%c/0z* can be
dropped, thus producing a first order hyperbolic equation.
(b) Dispersed plug flow: Axial dispersion is significant so that the term - D,8%c/éz*

must be retained.

5) Complexity of kinetic model
(a) Negligible mass transfer resistance: Instantaneous equilibrium is assumed at all
points in the column.

(b) Single mass transfer resistance:

(1) Linear rate expression:

99 _ 4l (2.9)
3 k(q ‘1)

The rate coefficient is an overall effective mass transfer coefficient (lumped

parameter).

(ii) Diffusion model: The dominant mass transfer is intraparticle diffusion, which is

described by the diffusion equation with associated boundary conditions.
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(c) Two mass transfer resistances
(1) External fluid film resistance plus intraparticle diffusion
(ii) Two internal diffusion resistances (macropore and micropore).

(d) Three mass transfer resistances

It includes external film resistance plus two intraparticle diffusional resistances

(macropore and micropore). Such a model is sufficiently general to provide a realistic

description of almost all-practical systems.

2.3.1 Physical Structure of the Problem

A mathematical model of fixed bed adsorber is very useful to obtain a proper design and to
define optimal operating conditions for the adsorber. Adsorption on a solid particle can
generally be regarded as a mass transport in which the rate expression shall include the
transfer processes both inside and outside the adsorbent particle. There are essentially three
consecutive transport steps associated with adsorption as illustrated below.

| Boundary | Adsorbent

External | Layer | Particle Adsorbed
Fluid Phase  Bulk | Film | Intra particle State
Transport | Transport | Transport

The first step, bulk transport of solute in the external fluid phase, is usually rapid because of
mixing and convective flow. The second step, film transport involves diffusion of solute
through a thin film or fluid dynamic boundary layer. Except for a small amount of adsorption
that occurs to the exterior of the adsorbent, the solute then diffuses within the pore volume of

the adsorbent and/or along pore-wall surfaces to an active adsorption site (intraparticle

transport).
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The actual adsorption of solute on interior surface sites is generally considered to be very
rapid, equivalent to an equilibrium reaction and thus a negligible factor in this context of
overall adsorption rate. Film and intraparticle transport are thus the major factors controlling
the rates of adsorption by porous adsorbents of which the intraparticle transport is the

predominant one and hence the control is mainly governed by the intraparticle transport.

2.3.2 Model Development for Dynamic Study

The system considered here for the mathematical model is a non-isothernal adsorption
column packed with porous molecular sieve pellets through which an inert gas, air free from
dust particles, carbon dioxide and moisture (non-adsorbable component), as carrier flows

steadily along with the adsorbable component (ethyl acetate for the present case).

2.3.2.1 Assumptions

The following assumptions have been made while developing of the mathematical model.

1. Constant and uniform void fraction throughout the bed

2. Constant inlet feed flow rate

3. Complete radial mixing

4. Constant axial dispersion of heat and mass

5. Air free from moisture, carbon dioxide and particulates acts as an inert carrier gas

6. The feed consists of a small concentration of the adsorbable component, and the

frictional pressure drop through the bed is negligible so that the linear velocity

through the bed has been considered constant

7. Constant heat and mass transfer resistances throughout the bed because of little

velocity variation across the bed

8. Negligible initial temperature difference across the bed
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10.

1.

12.

13.

14.

The equilibrium relationship for the adsorbing component is represented by the
Langmuir isotherm with Langmuir constant, b showing the normal exponential
temperature dependence

Temperature within the solid particle is homogeneously distributed

Temperature dependence of gas and solid properties are neglected

Change of fluid phase density with time is neglected

The mass transfer rate is represented by a linear driving force rate expression in

which the mass transfer coefficient is the overall mass transfer coefficient (lumped

parameter)

Bulk flow of heat and conduction in the axial direction are considered in the heat
balance equation. An overall heat transfer coefficient has been used to account for
heat loss from the system and the temperature of the column wall is assumed to be the
same as the feed temperature. This implies a uniform temperature across the column

radius with all heat transfer resistance concentrated at the wall.
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2.3.2.2 Model Development

Development of the mathematical model based on fundamental balance equations

considering a differential length Az (Figure 2.1) and time At has been discussed below.

Effluent

—

Z:

vt

=7 Zz

z=0 .

Feed
Figure2.1: Section of packed bed column

Overall mass balance:

Since velocity and density of the fluid has been assumed as constant during the adsorption

process, the overall mass balance became redundant.
Component mass balance:
Fluid phase component mass balance:

Component mass in + Component mass generation — Component mass depletion =
Component mass out + Component mass accumulation + Component mass transferred to

solid phase (2.10)
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Mass in by convection = cAvA! |,
Mass in by diffusion = J4A! |,
Mass generation = zero

Mass depletion = zero

Mass out by convection = cAvAt|,,,.
Mass out by diffusion = JAA? |, ,.
Mass accumulation = cAAz |,,,, —cAAz],

Mass transferred to solid = gp, 4,42 |,,s —9P,4,02],

J=—Daé€
0z

Substituting all these terms in equation 2.10, rearranging and taking Lim,,_, and Lim,, ,,

the final expression becomes

dc _ 0% _v.c_P» @.11)

— ——— — — ——

Solid phase component mass balance:

Component mass in + Component mass generation — Component mass depletion =

Component mass out + Component mass accumulation (2.12)

Mass in = mass transferred from fluid phase= k(q" - q)p,A4,Az(1-€)At

Mass generation = zero
Mass depletion = zero
Mass out by convection = zero

Mass out by diffusion = zero

Mass accumulation = gp, (1 -€)4,4z],,,, —qp,(1-€)4,Az|,
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Substituting all these terms in equation 2.12, rearranging and taking Lim,,_, and Lim,, ,,

the equation takes the form
dq .
bt Ay -
Pt CaE) (2.13)

Energy balance:

Fluid phase energy balance:

Amount of energy in + Amount of energy generated — Amount of energy depleted = Amount

of energy out + Amount of energy accumulated +Amount of energy lost to wall

(2.14)
Energy in by convection = p, AvC, T At |,
Energy in by diffusion = J, AAz],
Amount of energy in by transfer from solid phase =ha (T, - T, )4, (1 - €)AzAt
Amount of energy generation = zero

Amount of energy depletion = zero

Amount of energy accumulated = p, 4,AzeCp, T, |,,4 —p,4,A26Cx T, |,
Amount of energy out by convection = p, AvC, T, At |, ,,

Amount of energy out by diffusion = J, AAt|,,,,

Amount of energy lost to wall = h 7D (T . — 1, )AzAt

P
0074

Substituting all these terms in equation 2.14, rearranging and taking Lim,, _, and Lim,,_,,,

the equation becomes
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oM, __ha, (=) .k PT, v, 2,[r,-T,)
B £

= 2.15
o p,C, & p.Cp 02° & Oz Rep,Ch, (2.15)

Solid phase energy balance:
Amount of energy in + Amount of energy generated = Amount of energy transferred

+ Amount of energy accumulated (2.16)

Amount of energy in with the adsorbate is negligible in comparison to the amount of heat

generation due to adsorption.

0
Amount of energy generated = -g—(—AH )p,A,AzAt(1-€)

Amount of energy transferred = ha ,(1-€)4,A2(T, - T, )At
Amount of energy accumulated = p,Cp, 4,82(1 - €)T, |,,, —p,Cp, 4,82(1-€)T, |,
Substituting all these terms in equation 2.16, rearranging and taking Lim,, ,, and Lim,. ,,,

the equation takes the form

oT, (-AH)dg _ My 7, 2.17)

Initial and Boundary Conditions:
Fluid phase component mass balance:

Initial condition:

Atr=0 forall z,c=0 i.e. c|,,=0 (2.18)
Lower boundary condition:
oc
At z=0 for t>0, v,c, =vce - D,,t:a—lz=0 (2.19)
4
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Upper boundary condition:

At z =L for!‘;-O,g:O

Z
Initial condition for solid phase mass balance:
At t=0 forall z,g=0 ie. gq|_,=0
Fluid phase energy balance:
Initial condition:

Atr=0 forall 2,7, =T, ie T, |,,=T,

Lower boundary condition:

Atz=0 fort>0,v, T, =vl e~

Upper boundary condition:

-~

cil,
Atz=[ fort>0, —|,.,=

Solid phase energy balance:

Initial condition:

Atr=0 forall 2,7, =T, ie T, | =T,

5

2.3.3 Discretized Equations:

Fluid phase component mass balance:

e =la=by, ki, +lckt +lavov, kL -dla -q!)

D 2ArD
where, a = —¢ [?r , b= ar ) M 1-
Az” 2eAz

Fluid phase energy balance:

T”' l[ gv, ]Tg' - [h] [}r+gva]]“‘
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p,Cp 0Oz

snd d=Ps

+kT,,+p

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)



kot At Ll Atha,(1-€)  2n_ 2k, At
ng,,ge RePgC pstsAzz

re

r < Atha, (1 ~¢€)

p,C €

and

= Zh”‘ (TW)
Rep,Cp,

Solid phase component mass balance:

q"" =q: +ka,,At(q ! -q_f)
Solid phase energy balance:

=7 llg - qi)-mlT, - T))

5.

- ha At
where, [ = wl, m= %
PCo

ps

Boundary conditions:

Fluid phase component mass balance:

Lower boundary:

, Dec., —c.,
c,=c, + 2 :

: v, 2A-
Upper boundary:
c:+l = c:—l

Fluid phase energy balance:

Lower boundary:
T, ..-T,..
Ts:.: =T + e e
ngngo ZAZ



Upper boundary:

=T

g.2-1

Tg.:u
The above model equations have been used for simulation in case of adsorption on E-merck
5A molecular sieve. In case of E-merck 13X molecular sieve, it has been observed that the
above model equations with out the axial dispersion of heat and mass have satisfactorily
described the experimental dynamic results. Hence, the following model equations have been
used for discretization and thereafter simulation studies.

Component mass balance:

Fluid phase component mass balance:

dc _ v,0c_p,%q (2.26)

Solid phase component mass balance:

oq

5 "k@ -9
Energy Balance: (2.27)
Fluid phase energy balance
%=ﬁ_9_‘_5_)(7 _Tp)_l’zaTg _2}"”(7; -7.) (2.28)
& pC, ¢ = o RepGy
Solid phase energy balance:
Initial and Boundary Conditions:
Fluid phase component mass balance: '
Initial condition: ,
Att=0 forall z,c=0 i.e. ¢|,,=0 (2.30)
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Lower boundary condition:

At z=0 for t >0, co=Cip (2.31)
Initial condition for solid phase component mass balance:

Attt =0 forall z,g=0 ie. q|,,=0 (2.32)
Fluid phase energy balance:

Initial condition:

Att=0 forall z,T, =T, ie T, |,=T, (2.33)

Lower boundary condition:

At z=0 for 1 > 0, Tgo= Tgin (2.34)
Solid phase energy balance:

Initial condition:

Att=0 forall z,T, =T, ie T, |o=T, (2.35)

2.4 Heat transfer Coefficient Between Fluid and Solid

From the analogy between heat and mass transfer between fluid and solid in fixed bed, the

value of heat transfer coefficient can be computed from the equation below.

Nu=2.0 + 1.1 x Re,”® Pr®** (Ruthven, 1984) (2.36)

2.5 Axial Dispersion Co-efficient

For gaseous flow in a packed bed, owing to larger magnitude of diffusion co-efficient in gas
phase it is reasonable to expect axial dispersion co-efficient will be contributing factor for
modelling mass transport at low Reynolds number. This can be expressed in terms of

molecular diffusion co-efficient via a tortuosity factor, which accounts for the reduction in

diffusivity because tortuosity flow paths, characteristic of the fixed bed.
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Thus at very low flow rate (Butt, 1980)

D €
D, =—= (2.37)

at very large values of Reynolds number (Ruthven & Loughlin, 1971)

vod
=0 (2.38)

a 2g

Combining the low and high velocity contribution to D, additively gives

d
D, = Dut ——V"Z r (2.39)
T €

r

2.6 Numerical Solution:

Explicit method has been successfully utilized to approach towards the numerical solution of

the model. In this explicit scheme, Forward difference for Time and Central difference for

Space (FTCS) has been applied. The discretized equations hence march forward by means of

Point-by-point technique, wherein the changes in the concentration along column length and

With passage of time are determined. Breakthrough curve formed for different concentrations

helps to analyse the dynamic behaviour of the column. X-Y

coordinate system is used to

develop the model. Figure 2.2 represents the grid in which the X - direction corresponds to

the space coordinate while the Y - direction to the time coordinate.

==

-1 %] 1+

t -

0 L
z —»
Figure2.2: Coordinate system
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CHAPTER III

EXPERIMENTAL

The emission control of volatile organic compounds (VOCs) by adsorption process has
attracted special interest as a means of protecting the environment and human health from air
pollution (Yun, et al.1998b). Ethyl acetate (EA), commonly used as a solvent in process
industries, can be removed/recovered by adsorption process. As discussed earlier in chapter I,
removal/recovery of ethyl acetate from air through adsorption using molecular sieves is yet

to be reported in the literature. Even no equilibrium and kinetic studies for the same are

reported so far.

To design adsorption facilities, data on adsorption equilibria are essential (Yang, 1987). For
practical applications, adsorption equilibria must be known over a wide range of the
Operation temperature. Generated experimental data from equilibrium studies are used for

determination of saturation capacity, isotherm model parameters, overall mass transfer co-

efficient and heat of adsorption

Dynamics studies are needed to understand the adsorber bed performances for the removal of
ethyl acetate (EA) from the air stream; the effects of the geometric, physical, and operating
parameters; mechanism of the process; relationship between temperature and concentration

histories. Finally, the generated data from the experimental dynamic studies are used to

validate the developed mathematical model, which in turn is used for detailed simulation

studies.
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This chapter deals with the experimental studies on equilibrium, kinetics and dynamics of

ethyl acetate adsorption on pellets of E-merck 5A and 13X molecular sieves.

3.1 Isotherm Experiments

Adsorption isotherm of ethyl acetate, a toxic organic compound, has been studied for E-
merck 5A at different temperatures 35°C, 40°C, 45°C and 55°C and for 13X molecular sieves
at different temperatures 35°C, 45°C and 55°C. From the experimental data, overall mass
transfer coefficient, isotherm model parameters and their temperature dependencies,

saturation limit and heat of adsorption have been found out. The results obtained have been

presented and discussed in detail in section 4.1.

3.1.1 Experimental setup and procedure

The adsorption isotherm setup, shown in Figure 3.1.1 was consisting of a borosilicate glass
~U-tube containing a known weight (approximately 1g) of preheated (at 300°C overnight and
thereafter cooled) molecular sieve kept in constant temperature water bath. Compressed air
from the compressor was passed through the air regulatory valve to supply air without
fluctuations to the bottom of the pretreatment column, packed with glass wool, activated
alumina, and silica gel. This column makes the air, sequentially, devoid of any dust particles,
moisture content, and carbon dioxide content when it is passed through the column. Metered
amount (through pre-calibrated rotameter) of pre-treated air was sent continuously into the
U-tube after passing through saturators filled with ethyl acetate. To maintain a specific
concentration the saturators were kept in constant temperature water bath. Temperature of the
bath, level of ethyl‘ acetate in saturation bottles and flow rate of air accounted for the
variation of ethyl acetate concentration in the inlet stream. Knockout pot had been kept to
avoid any entrainment of ethyl acetate droplets with air. Weight change of the U-tube

containing molecular sieve was measured time-to-time using electronic metler balance
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(accuracy 0.1mg). This was continued till the saturation limit. The concentration of ethyl
acetate in air was measured before and after the experimental run by using gas
chromatography. The average concentration was taken as inlet concentration. The changes in
weight of U-tube were noted after regular time intervals. The experiment was continued till
there was no change in weight of U-tube with molecular sieve i.e. till it reached into
equilibrium. The experiments were performed for several concentration levels of ethyl
acetate at four different temperatures 35°C, 40°C, 45°C and 55°C using 5A molecular sieve

and at three different temperatures 35°C, 45°C and 55°C using 13X molecular sieve. The

Photograph of experimental set up for equilibrium studies is shown in Figure 3.1.2.

3.2 Dynamic Studies - Experimental

For Dynamic studies, experiments were carried out in a semi-continuous mode to find out the
adsorption behavior of ethyl acetate in molecular sieves E-merck SA and E-merckl3X.
ed till the bed was fully saturated. After each run the sieves were

Adsorption was continu

taken out and heated overnight at 300 deg C for regeneration of saturated adsorbent. The

variables studied were superficial velocity, inlet concentration of ethyl acetate, and bed

length. The results obtained have been presented and discussed in detail in section 4.2.

3.2.1 Experimental Setup

The apparatus for the dynamic studies consists of a dehydration column, saturators, knockout

pot(s), flow meter, packed-bed adsorption column, and a constant temperature water bath.

Air regulatory valve ensured continuous supply of air from the compressor at constant

pressure. A schematic diagram of the experimental set up is presented in Figure 3.2.1.

The fixed bed adsorber column was a S.S. pipe of ID 10 cm, thickness 0.2 cm and length 40

cm. The top and bottom of the column were connected with conical sections through flange
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joints. A fine stainless steel screen was placed at the bottom of the column to support the
solid adsorbent packing. The conical sections at the bottom and at the top of the column were
provided with inlet and outlet connections respectively. Four thermocouple wells at equal
spacing (6.0 cm) were provided on the wall of the column at different radial locations to
measure the temperature of the packed bed column along its length. Two thermocouple
probes were also provided at the bottom and at the top conical section to monitor the
temperatures of inlet and outlet streams respectively. The conical section at the bottom of the
column was packed with 0.3 cm Pyrex glass beads to achieve uniform distribution so as to
avoid any possible entrance effects. Compressed and pretreated air was used as the carrier
gas during adsorption step. Air, compressed in a two-stage compressor, was pretreated after
passing through the dehydration column packed with glass wool, activated alumina and silica
gel to remove dust particles, moisture, and carbon dioxide respectively from it. Flow rate of
air containing ethyl acetate vapors was measured with pre-calibrated rotameter. Thermometer
was used to measure the temperature of the water bath. Dial thermometers were used to
measure the temperatures of different sections of the packed bed during adsorption. Metered
amount of this air was bubbled through ethyl acetate kept in a series of saturators. To
maintain a specific concentration the saturators were kept in constant temperature water bath.
Temperature of the bath, level of ethyl acetate in saturation bottles and flow rate of air
accounted for the variation of ethyl acetate concentration in the inlet stream. The knockout
pot(s) were used to remove any possible entrainment of ethyl acetate droplets. Before
performing adsorption experiment the adsorbent was heated to 300 °C overnight and then

cooled to room temperature in glass desiccators. After each run the sieves were taken out and

heated overnight at 300 deg C for regeneration and cooled to room temperature. The

Photograph of experimental set up for dynamic studies is shown in Figure 3.2.2.
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3.2.2 Experimental Procedure

Compressed air from the compressor was passed through the air regulatory valve to supply
air without fluctuations to the bottom of the pretreatment column, packed with glass wool,
activated alumina, and silica gel. This column makes the air, sequentially, devoid of any dust
particles, moisture content, and carbon dioxide content when it is passed through the column.
The pretreated air was then passed through saturators filled with ethyl acetate and then
through knockout pot to avoid any possible entrainment. The saturators were kept in constant
temperature water bath. The bath temperature was measured with thermometer. The metered
amount (using precalibrated rotameter) of air and ethyl acetate mixture was then sent through
adsorber column packed up to desired height, with regenerated molecular sieves. The inlet
concentration of ethyl acetate vapor in air was measured several times, using gas
chromatography at the start of the experiment and at the end of the experiment. The average
concentration was taken as inlet concentration of ethyl acetate. The outlet concentration of
ethyl acetate in air was measured at regular time interval, using gas chromatography. It was
continued till outlet concentration was almost same as inlet concentration, indication of the
bed saturation. Inlet and outlet temperatures were measured using thermometers kept in
thermo wells, provided at bottom and top conical section of the adsorber column. The
temperatures along the length of the column were measured at regular time interval using dial
thermometers (precalibrated) kept in equally spaced (6.0 cm) thermo wells, provided on the
wall of the column at different radial locations. After the bed was saturated, the flow of air
and ethyl acetate mixture to column was stopped, and adsorbent were taken out for
regeneration. The experiments were conducted for different inlet concentrations, flow rates
and bed lengths. Concentration of EA has been varied by changing the ethyl acetate level in

saturators, the temperature of water bath and by varying flow rates. The bed length was
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varied by filling the column up to desired height. The details about the different experimental

conditions are given in Tables 4.2.1.1 to 4.2.1.3 in section 4.2.

3.3 Materials

The adsorbents used were type 5A molecular sieve (E-Merck, (1/16)" cylindrical pellets) and
13X molecular sieve (E-Merck, (1/16)"cylindrical pellets). The adsorbate used was ethyl
acetate vapor. Ethyl acetate (99% extra pure) was used to produce ethyl acetate vapor was

manufactured by Sisco Chem Industries, Mumbai. Compressed air was used as a carrier gas.

3.4 Analytical Technique

The concentration of ethyl acetate vapor in the inlet stream was measured with the help of
Gas Chromatography (GC) with AT 1000 column and Flame Ionization Detector (FID). The

AT 1000 column used was made up of stainless steel material. The column was of 1.83 m

length with outer and inner diameter as 3.1 75 mm and 2 mm respectively.

The temperature of oven was maintained at 80°C. The detector and column temperature was
maintained at 120°C. Nitrogen gas was used as inert and hydrogen gas was used as fuel with

air. Nitrogen and hydrogen flow rates were maintained at 30 ml/min. Air flow rate was

maintained at 400 ml/min.

The gas calibration was done by taking known volume of (vapor + air) mixture in the micro
syringe (Hamilton made, 500 pl capacity) collected from just above the surface of liquid
ethyl acetate from ethyl acetate bottle and diluting it for different concentrations. Using
Raoult’s Law the concentration was found out for the collected sample. Antoine equation
was used to find the vapor pressures of ethyl acetate at operating temperatures. For the

known concentrations of ethyl acetate, standard areas were obtained and compared with areas
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obtained for column outlet samples. The standard area peak, sample area peak and the detail
procedure to determine the ethyl acetate vapor concentration in the air stream have been

presented in Appendix I. The Photograph of gas chromatography is shown in Figure 3.4.1
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CHAPTER IV

RESULTS AND DISCUSSION

This chapter discusses the results on equilibrium, kinetic and dynamic studies of ethyl acetate

(EA) adsorption on E-merck S5A and 13X molecular sieves. Results on equilibrium and

kinetic studies are discussed in section 4.1 and results on dynamic studies are discussed in

section 4.2.

4.1 Equilibrium and Kinetic Studies

Results on equilibrium and kinetic studies are discussed in following subsections in terms of:
determination of isotherms, suitability of the different isotherm models with the experimental

data, determination of model parameters, determination of Mass Transfer Coefficient, and

determination of heat of adsorption.

4.1.1 Determination of Isotherms

The adsorption isotherm of ethyl acetate vapor has been determined at four different

temperatures 35°C, 40°C, 45°C and 55°C in E-merck SA molecular sieve and at three
different temperatures 35°C, 45°C and 55°C in E-merck 13X molecular sieve. The

rption capacities of the two molecular sieves for EA at

experimental equilibrium adso

s of EA have been presented in Tables 4.1.1 to 4.1.7. Isotherm

different inlet concentration
ature have been obtained after

plots for a particular molecular sieve at a particular temper
plotting equilibrium adsorption capacities of the sieve for EA versus concentration of EA in
air at the same temperature. Four experimentally determined isotherms in SA molecular sieve
al temperatures 35°C, 40°C, 45°C and 55°C have been presented in Figure 4.1.1. Similarly,
ve have been obtained at three different temperatures of

three isotherms in 13X molecular si€
1.2. It is obvious from these

in Figure 4.
experiment 35°C, 45°C and 55°C and presented If Figure
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figures that the isotherms are typically of Brunauer Type — I. Again, temperature dependence
of the adsorption capacities, as evident from the figures of both the molecular sieves, shows
that at higher temperature the equilibrium capacity is less. Further the difference in capacities
at two different temperatures goes on increasing with increase in concentration and reaches a

constant value at higher concentration level of EA. This may be attributed to the fact of non-

linear temperature dependence of equilibrium adsorption capacity.

Figures 4.1.3 to 4.1.5 represent the comparison for equilibrium capacities between 5A and

13X molecular sieves at temperatures 35°C, 45°C and 55°C respectively. It can be observed

from the figures that capacity of ethyl acetate in 13X molecular sieve is higher than 5A

molecular sieve at all concentrations and at all temperatures. This may be attributed to the
fact that the comparable pore size of 5A molecular sieve with the molecular diameter of EA

provides steric hindrance to the movement of the chain of EA into pores of 5A leading to

lesser adsorption capacity. The same phenomenon is not true for 13X. The pore size in 13X

is comparatively larger, allowing more layers of EA adsorption onto 13X as compared to SA.

4.1.2 Suitability of the Different Isotherm Models with the Experimental Data

As discussed earlier in section 2.1, qumbers of equilibrium isotherm models can be utilized
for correlating experimental equilibrium results. In the present study, three isotherm models,

namely, Langmuir Freundlich and Langmuir-Freundlich have been used to fit in the
experimental equilibrium data of ethyl acetate in SA and 13X molecular sieves and to

he isotherm models for the adsorbate-adsorbent system of study.

investigate the suitability of' t
ata with different isotherm models, model

From the fitting of the experimental equilibrium d
K, Langmuir constant b, saturation capacity qs and

parameters such as Freundlich constant

Freundlich and Langmuir—Freundlich exponent n have been obtained.
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In case of Freundlich model, the plot of In(q) versus In(c) provides the slope as n and
intercept as K. Similarly, for Langmuir model, the plot of 1/(q‘) versus 1/c provides the slope
as 1/(bqs and intercept as 1/qs and in case of Langmuir-Freundlich model, the plot of
In(1/(qs/q) - 1) versus In(c) provides the slope as n and intercept as In(b). The sample plots

on the fitting of experimental equilibrium data at 45°C to Freundlich, Langmuir and

Langmuir-Freundlich models have been shown in Figures 4.1.6, 4.1.7 and 4.1.8 respectively.

After determination of the model parameters, different models’ predictions have been

compared with the experimental equilibrium data. Figures 4.1.9 to 4.1.12 show the

comparison of different models’ (Freundlich, Langmuir and Langmuir-Freundlich)

predictions with the experimental data for ethyl acetate adsorption on E-merck 5A molecular

sieve at four different temperatures 35°C, 40°C, 45°C and 55°C respectively. Similarly,

Figures 4.1.13 to 4.1.15 represent the comparisons of different models” predictions with the
experimental equilibrium data for ethyl acetate adsorption on 13X molecular sieve at three

different temperatures 35°C, 45°C and 55°C respectively. From the figures above for both the

sieves, it may be observed that Freundlich model shows large deviations from the

experimental data whereas, Langmuir and Langmiur-Freundlich models show good
agreement with the experimental results. Of the last two models, Langmuir model better

represents the experimentally generated adsorption equilibrium data for both the sieves at all

different temperatures.

f the models has also been tested after calculating the standard

The quantitative suitability 0
pen'mental data. The detailed statistical

deviations of the models® predictions from the ex
- . o 2
analysis in the form of standard deviation (STDEV), and coefficient of determination (R") for

een presented in Tables 4.1.8 and 4.1.9 respectively. The

both the sieves SA and 13X have b
e least in case of Langmuir model,

statistical analysis also shows that standard deviation 1§ th
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lower in case of Langmuir-Freundlich model and much higher in case of Freundlich model

for both the sieves at all different temperatures.

Therefore, it may be concluded from the above observations that either of Langmuir and
Langmuir-Freundlich isotherm models satisfactorily explains the equilibrium adsorption
behaviour of EA in E-merck SA and 13X molecular sieves. Of the three models taken for the
present study, the Langmuir model is the best suited one and Freundlich model is not

acceptable for ethyl acetate adsorption from air in molecular sieves E-merck 5A and 13X

within the range of the experimental conditions.

4.1.3 Determination of Model Parameters

The model parameters have been determined using the plots as mentioned in section 4.1.2.

The estimated parameters for different models have been reported in Tables 4.1.10 and

4.1.11. The tables indicate that the saturation capacity decreases with increase in temperature
for both SA and 13X molecular sieves for all the three models. It has also been observed
from the Tables 4.1.10 and 4.1.11 that the Freundlich constant, K and the Langmuir constant,
n temperature for both SA and 13X molecular sieves. The decrease

b decrease with increase i
in values of K and b with increase in temperature implies the exothermicity of the adsorption
q. with increase in temperature implies the decrease in saturation

process and the decrease of
at higher temperatures don’t

perature establishing the fact th

adsorption capacity at higher tem
onding heat of adsorption values have been evaluated and

favour adsorption. The corresp

discussed later in section 4.1.3.

4.1.4 Determination of Mass Transfer Coefficient
apter 11 the experimcmal data of equilibrium isotherm

As has already been discussed in Ch
all mass transfer coefficients, k of EA-E-

Studies have been utilised to determine the over
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merck SA and EA-E
-E-merck 13X systems usin
g Uptake curve method a i
nd Linear Drivin
g

(I.D P, . g

compa i
pare the same determined by the above two methods

I°1-4-1 h’l ] I i rve

1 a

equation: k =15— wher 1 1 —=
= ere the diffusional time constant s
- can be found from the slope of

!
c

Fa

the plot ofln[l __q_] versus t.

q

s for ethyl acetate in E-merck SA and 13X molecular siev
es

coefficient using uptake rate

respectively.

The
values of the overall mass transfer coefficient found from uptake curve method (Kuptake)
uptake

have been reported in Tables 4.1.1 to 4.1.4 for E-merck sA and Tables 4.1.5 to 4.1.7 for E
o 1 r E-

fferent temperatures of study. It has been observed from

merck 13X molecular sieves for di

f Kyptake are of the order of 10 s and lie mostly in the range

the above tables that the values 0

of (1.0 - 2.0) x 107 "' for both the molecular sieves. There have been a few cases whe
n
Kupake is slightly less than 1.0 X 10 s"or slightly above 2.0 10* s”'. This may be due to

the data required for evaluation of Kyptake. The

associ : i 1
ssociated experimental error while collecting
nt operating conditions for both the sieves (Tables

termined for all the differe

kuptuke values de
ffect of flow rate on overal

| mass transfer coefficient.

4
1.1 -4.1.7) don’t show any distinct €
mass transfer within the range of

ernal film resistance for

1is indicates the insignificant ext

en clear from the tables that there is no distinct effect of

flow rates studied. It has also be bles
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temperature on the overall mass transfer coefficient, kypuke in the range of the temperature

studied in the present investigation.

So from the values of overall mass transfer coefficient, k obtained by Uptake curve method it
may be concluded that kypuke is independent of temperature, concentration and flow rate in

the range of experimental conditions in the present study. Further, independence of Kyptake ON

the flow rate apparently leads to the conclusion that pore diffusion is predominant for the

present systems of study.

4.1.4.2 Mass Transfer Coefficient Determination Using the LDF Rate Expression

Though Uptake curve method (Ruthven, 1984) has been the established method to estimate

the overall mass transfer coefficient for adsorption, an attempt has been made in this study to

evaluate the same using Linear Driving Force (LDF) rate expression and then to compare the

values with those obtained by Uptake curve method.

As discussed in section 2.2.1.2, the diffusion-controlled kinetics may be satisfactorily

represented by the following LDF expression (Yang 1987).

oq
A _p(g*-
Y (g*—9)

d _
The LDF rate equation can be rearranged to —f =k(g*-q)asq= f(t) only

Then the plot of 4 versus g provides a straight line with its slope as (-k) and intercept as
dt

on, q has been taken as average of the q values between two

kq*. In the present investigati
g the changes in weight of the U-tube

time intervals. This has been calculated by notin
already explained in section 3.1.1. Similarly, the

containing molecular sieves with time, as
dq has been taken as rate of change of average

"

rate of change of adsorption capacity ”
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adsorption capacity and calculated by dividing the difference in average adsorption capacities

between two time intervals with the time interval.

Values of overall mass transfer coefficient (kipr) obtained by LDF rate expressions in E-
merck SA molecular sieves at four different temperatures 35°C, 40°C, 45°C and 55°C have
been presented in Tables 4.1.1 to 4.1.4 respectively. Also a sample plot for the determination

of ki pr in E-merck 5A has been shown through Figure 4.1.18. It may be observed from the

. 4 -1
above tables that in some cases kppr values are in the order of 107 s and are closer to the

values of Kypuake. However majority of the kipr values for all the temperatures are in the order

of 10° s, The tables also show wide variations in some cases questioning the reliability of

the method for calculation of overall mass transfer coefficient. But a close look into the

tables further suggests that most of the values lie in the range of (4.5 - 6.5) x 10° s, which

are slightly lower than those obtained by Uptake method. Very frequent time intervals to
tting curves thereby increasing the

collect the data would have improved the slope of the fi

nsfer coefficient. Widely scattered values in a few cases may be due’

values of overall mass tra
values, the kppr values determined for all the

to experimental erTors. However, like the Kuptake

s in E-merck 5A molecular sieve (Tables 4.1.1 - 4.1.4) do not

different operating condition

rate, temperature and concentration of EA on the mass

show any distinct effect of flow

s. corroborates the conclusion of insignificant effect of

transfer coefficient. This fact, thu
nt controlling role of pore diffusion. These observations

external film diffusion and significa
¢ with a suitably designed data collection and analysis

also possibly allow us to conclude tha

technique, LDF method may be an alternative method for determination of overall mass
system.

transfer coefficient in case of an adsorbate-adsorbent sy
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45°C res ' indi
pectively indicate the k
b (pr values mostly lying in the 4
range - g
ge of (4.5 - 8.0) x 10 s",

which is sli
ghtly lower than the valu
es by uptake method, whe
, reas for temperature 55°
5°C the

k[ DF V'lIUCS e 0 d f -4
. 2 arc Of [1 i # el g ‘J
Iab [+

4.1.7)i.e. hi
.e. higher than the kipr values in E
DF :_merck 13X molecular sieve
at other temperature
s

of SIUdy. Like (G f
1 uplak curve mcthod, the mass transier COSfﬁCiCI‘ltS obtained by LDF h
method

do not indicate T
icate any distinct effect of flow rate and concentration of EA on them. Sligh
. Slightly

s 35°C, 45°C and 55°C in 13X molecular sieve in

higher k
gher ki pr values at temperaturc

comparison to 5A molecular sieve may be attributed to the fact that bigger pore size in 13X
puts less resistance for the diffusive ovement of EA. This is not the case in 5A a

s
comparative pore size with the molecular diameter of EA restricts its movement in the pore
the determination of ki pr in E-merck 13X

resulti i
ting in lower kipr values. A sample plot for

h
as been shown through Figure 4.1.19.

btained at different temperatures for 13X molecular sieve (Tables

Apai
gain, the ki pf values O
ansfer coefficient with increase in tem

light increase in mass tr
g perature,

4.1.5t0 4.1.7) reflect s
ve. The difference in observa

tion in the sieves may

which i i
ch is not the case for 5A molecular s1€

be explained as follows.

ith molecular size of EA may be playing a crucial role in

Co
mparable pore size in 3A W
perature the mass transfer

pite of increase in tem

diffusi .
usion as illustrated earlier SO that in S
relatively much higher pore size

d si gniﬁcantly. But

Coe i s
fficient might not have been influence
ts of EA in the pores at higher

diffusive movemen

in
13X may help enhancing the
found in Uptake curve

e observations have not been

the abovV
¢ method itself

te

Mperatures. However,

thod, which may be du€ to the PT”‘C‘PIC of th where the data.for the
t that condition, due to

after 70 cent saturation. A

ations have been collected % per
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Further ob i
servations on the ki pg values su
o values suggest that except at 55°C in 13X, i
, in all other

conditions kj pr is slig ver | 1 y
Lpr is slightly lower than Kyprake. T'his difference may possibly be eliminated af
y ed after

taking ex i i v w
E penmcntal readings at ve frequent time intervals, hich could not be followed
ry we

always i 3 s i
ys in the present investigation due to some practical limitations.

4.1.5 Determination of Heat of Adsorption

H : i
eat of adsorption values of EA 1n molecular sieves E-merck SA and 13X have bee
n
ca i
Iculated from the Langmuir constant (b) values (Tables 4.1.10 and 4.1.11) using equation-

1/T, which provides the slope as —AH/R, and intercept as

—

2.3 and making a plot of Inb versus

shows the sample plot for determination of heat of adsorption

Inb, Figure 4.1.20 and 4.1.21
sieves in case of Langmuir model

of ethyl acetate in E-merck 5A and 13X molecular
respectively. The values of the heat of adsorption of ethyl acetate vapor in SA and 13X
nstants have been reported in Table 4.1.12 for

- _ .
olecular sieves and the prC-e-‘Cponent'al 00

dlich models. Table 4.1.12 reflects that heat of

both Langmuir and Langmuir —Freun

adsorption values in both the sieves are of the order of 10° J/kg.

4.1.6 Conclusions on the Equilibrium and Kinetic Studies
The following conclusions may be made based on the results on equilibrium and kinetic
E-merck 5A and 13X mo

on-linear temperature dependency

lecular sieves.

Studies of ethyl acetate adsorption in
nauer Type — [ with n

e Isotherms are typically of Bl
of Langmuir and Langmuir-

pacities and either

Freundlich

of equilibrium adsorption ¢
rof EA in

rily explains the CqUiIibrium adsorption behaviou

isotherm models satisfacto
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not acceptable for the present system of study.

Equilibrium adsorption capacity of ethyl acetate in 13X molecular sieves is high
er
than SA molecular sieves at all concentrations and temperatures of study.
Insignificant effect of flow rate on overall mass transfer coefficient determined by
both the Uptake and LDF methods is indicative of insignificant effect of external film

diffusion and a significant controlling role of pore diffusion. Also no significant

e i i
ffect of concentration of EA on mass transfer coefficient has been observed

Mass transfer coefficient (Kupiake) Obtained by Uptake method is of the order of 1075
and lies in the range of (1.0 - 2.0) x 10™ 5™ for both the molecular sieves and has been
independent of temperature in the range of the temperature studied in the present

investigation.

Mass transfer coefficient obtained by L.DF method has shown different values for
different sieves of study. In general, LDF method shows slightly lower values for
overall mass transfer coefficient in comparison to Uptake method. Though the LDF
tput, still this method can be an alternative to

method looks not to give consistent ou
perly designed data collection and analysis unit.

Uptake method if provided with pro
ases, most of the Kipr values lie in the range of

In 5A molecular sicves, except a few ¢
dent of temperature. In 13X molecular sieves,

(4.5 - 6.5) x 10° s and are indepen
ease in temperatures has been observed.

slight increase in kipr values with incr
ves are of the order of 10° J/kg.

Heat of adsorption values in both the sie
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1able 41 I' F ili [‘. i ra ( ent y -
. 4(lu|l|b mum CapaCllles and mass trz nsfel COef lCi nts fOl‘ eth ] acetat i
ate in E

merck 5A molecular sieve at 35 °C

Sr. | Run Flow rate c, g, K LoF X
5 o o ] 5 LDF Kuptake X
: x10 (kg/m® | (kg/kg) | 10°(s™) R? | 10*(s") | R?
(m>/s)
1
IS15 1.49 0.027 | 0.181 10.17 092 127 | 095

2 | 1816 0.975 0.047 | 0.24 3.66 096| 0.84 | 0.98

3 |1817 0.86 0.073 | 0.27 6.5 0.88| 1.165 | 0.92

4 | 1819 4.0 0.12 | 0.29 10.67 0.96| 1.19 | 0.93

5 | IS12 4.0 027 | 0.33 5.0 093] 091 | 0.98

6 | 1S21 4.34 0.43 | 0.352 5.83 094 | 1.32 [0.999
_i IS18 7.0 0.56 | 0.363 5.66 091 132 | 0.93

8 | 1S20 6.5 0.60 | 0.366 5.8 0.96| 1.34 [0.963

Table 4.1.2: Equilibrium capacities and mass transfer coeffic

Sr. | Run Flow rate
No. | No. Q x10°
(m°/s)
1 1S30 1.49
2 | 1825 0.975
3 ] 1s23 0.86
4 1S28 4.0
S | IS27 4.0
-‘_._‘_'_‘_— —
6 1S29 4.34
o Il
7 | 1824 7.0
gy A
8 | I1S26 6.5
— ]

e e
c

(kg/m”®

0027 |
T0.047 |
0073 |
aasad
0.12
I
0.27
I
0.43
s
0.56

I

q
(kglkg)

0.157 |
021 |
024 |

0.267 |

032 |
el
0.34

I
0.35
| e
0.354

merck 5A molecular sieve at 40 °C

ients for ethyl acetate in E-

I—
0.60

S——
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K LDF X Kuptake X

105 (s | RE[10°6EN | R

13.0 095 | 094 [0.97

14.2 095 | 218 [092
— 20 | 097 | 23 [094
— %66 | 099 | 159 |091
— 60 | 093 | 094 |0.95
— 90 | 099 | 202 |09
— 016 |0.995| 154 |06




Ta il o
ble 4.1.3: Equilibrium capacities and mass transfer coefficients for ethyl acetate in E-

merck SA molecular sieve at 45 °C

Table 4.1.4: Equilibrium capacities and m

[ Sr. [ Run | Flowrate c q k LoF X Kuptake X
No. | No. Qx10° | (kg/m® | (kg/kg) | 10°(s™) R? | 10° (s | R?
- (m3/s)
1 11835 1.49 0.027 | 0.121 1.83 095 1.82 | 0.92
_2 1IS36 0.975 0.047 | 0.18 6.17 0.99| 1.47 ]0.986
3 | 1837 0.86 0.073 | 0.21 6.5 096| 1.46 | 0.94
__4 1S40 4.0 0.12 | 0.24 3.83 098| 152 |0.975
5 | 1843 4.0 0.27 | 0.291 5.17 092| 1.16 | 0.94
6 | 1S38 4.34 0.43 | 0.324 8.66 095| 1.62 | 0.93
7 [ 1539 =5 | 056 | 0.343 25 093] 144 | 093
8 [1s44 s | 060 | 0345 | 646 094| 1.19 | 0.90

ass transfer coefficients for ethyl acetate in E-

merck 5A molecular sieve at 55 °C

Sr. | Run Flow rate '_'_c-:—‘_"—-—;q_-_- K LoF X Kupiaie X

No. | No. axi0® | (kg/m® | (kg/kg) 1056 | R [100EN | R
- (m3/s)

1 | 1s45 1.49 5027 | 0401 | 1066 | 091 238 | 0.94
=i o575 | 0047 | 0155 | =5 [os0| 167 |07

3 | 1s47 0.86 WWT 092 | 207 |0.974

4 | 1s48 4.0 W"GETTW 104 | 094
o0 | 027 | 02 | | Tog4| 134 | 095

6 | 1S50 4.34 —o43 | 0.285 | 533 | 097 21 098

7 1 1s51 7.0 56 | 0288 | 833 do;saifmw 0.99

8§ [iss2 | 65 | —0.60 | 0291 | 4.66 _9'_9_6, __1.47 0.965
B _________-._,_.__-——ﬂ___._———————‘__'__’

gl




Table 4.1.5: Equilibrium capacities and mass transfer coefficients for ethyl acetate in E-

merck 13X molecular sieve at 35 °C

Sr. [ Run Flow rate c q K LoF X Kuptake
No. | No. ax10® | (kgm? | (kgkkg)| 10°(s™) R? | x10* | R?
(m?/s) (s™)

1 | 1S59 1.49 0.027 | 0.238 7.66 098 | 1.47 | 0.99
2 [ 1s65 0.975 0.047 | 0.294 11.5 097 | 1.19 | 0.99
3 | 1s66 0.86 0.073 | 0.345 8.83 0994 1.30 [0.988
4 |1857 4.0 0.12 | 0.416 4.83 0996] 0.81 | 0.98
5 | 1S64 4.0 0.27 [ 0.508 4.5 093 | 1.1 | 098
6 | I1S61 4.34 043 | 0.55 7.16 0.997 | 1.69 |[0.985
7 | 1S60 7.0 0.56 | 0.583 3.0 093 | 1.11 | 0.98
8 | 1S53 6.5 0.60 | 0.584 6.0 097 [ 124 | 0.91

Table 4.1.6: Equilibrium capacities and mass transfer coefficients for ethyl acetate in E-

merck 13X molecular sieve at 45°C

82

Sr. | Run Flow rate c q K LoF X Kuptake X
No.| No. | Qx10° |(kg/m®|(kgka)| 10° s | R? [10°(s")| R?
(m*/s)
1 | 167 1.49 0.027 | 0.17 7.0 097| 1.19 [0.983
2 | 1872 0.975 0.047 | 0.251 4.5 004| 1.32 | 0.89
3 [1S76 0.86 0.073 | 0.285 17.8 090]| 1.13 | 097
4 [1s71 20 | 0.12 | 0.336 7.3 093] 124 | 097
5 [1s74 70 | 027 | 0.387 7.8 097| 106 |0.998
6 | 1569 234 | 043 | 0415 7.16 095| 1.00 | 0.99
7 {1573 7.0 056 | 0435 7.33 097| 162 [ 099
8 | 1879 6.5 J"o’.e'd" 0.44 15.0 089| 225 [0.99



Table 4.1.7: Equilibrium capacities and mass transfer coefficients for ethyl acetate in E-

merck 13X molecular sieve at 55 °C

[ 'Sr. [ Run | Flow rate c q K LoF X Kuptaks X
No. [ No. Qx10° | (kg/m¥ | (kg/kg) | 10°(s) R? | 10*(s | R?
- (m*/s) )
1 [ 1591 1.49 0.027 | 0.135 14.6 0.89 | 1.90 |0.999
2 |1s80 0.975 0.047 | 0.218 13.33 0.99 ; 5
3 | 1882 0.86 0.073 | 0.274 23.5 092 | 0.68 | 0.96
4 1S88 4.0 0.12 | 0.324 13.8 0.90 | 1.52 | 0.91
5 | 1589 4.0 027 | 035 11.8 091 | 0.76 |0.975
6 | 1587 4.34 043 | 0.36 13.0 093 | 212 |0932
7 | 1584 7.0 056 | 0.376 417 0.95 | 1.64 | 0.91
8 |1s90 6.5 0.60 | 0.377 12.33 0921| 089 | 0.98

Table 4.1.8: Statistical analysis of fitting of experimental is

isotherm models for ethyl acetate adsor

sieve

otherm data to different

ption in E-merck SA molecular

Model 35°C 40°C 45°C

—<ToEv | & | SIDEV | R° | STDEV

Freundlich 0.0087 | 0.984
(il
00047 | 0.996 | 0.0034

Langmuir | 0.0037 | 0.997
00081 | 0.985 | 0.0037

Langmuir- | 0.0044 | 0.995

55°C
R> | STDEV | R’
—00091 | 0.983 | 0.0083 | 0.984 | 0.0113 | 0.962
0.994 | 0.003 | 0.997
0.997 | 0.0036 | 0.995

Freundlich
_J,___-J'————’J"J

83




Statistical analysis of fitting of experimental isotherm data to different

Table 4.1.9:
isotherm models for ethyl acetate adsorption in E-merck 13X molecular
sieve
[ Model ' 35°C 45°C S5°C
‘ STDEV RZ | STDEV | R* | STDEV | R’
Freundlich I\ 0.0202 0.964 0.014 |[0.9744| 0.020 | 0.932
Langmuir t0.010 0991 | 0.00243 | 0.9988| 0.012 |0.9822
Langmuir -Freundlich | 0.018 0.973 | 0.003724 | 0.997 | 0.015 |0.9795

meters for ethyl acetate adsorption in E-merck 5A

Table 4.1.10: Isotherm para
molecular sieve
[sr Temperature, Oci' Freundlich m’ Langmuir- Freundlich
No. X [ 0 | a-kgke bk ) akeke | b mkg | n
1 _E_WWW 3570 | 0372 | 5858 [1.19
T——@‘_’W—@TE 2565 | 0370 | 50.10 |1.53
N 45 7 030 | 0364 | 1887 | 0364 | 2286 | 1.08
3 55 037 WM% 13.57 [ 0.90
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T i
able 4.1.11: Isotherm parameters for ethyl acetate adsorption in E-merck 13X

molecular sieve

Sr. | Temperature, °C | Freundlich Langmuir Langmuir- Freundlich

No. K n | qs ke/kg | b.m/kg | s kg/kg | b,mUkg [ n
i 35 0.704 | 0.283 | 0.587 23.65 0.587 131.64 | 1.64
2 45 0.531 | 0.267 | 0.467 21.87 0.467 20.9 [0.99
3 55 | o_‘cr/:j 0.272 | 0.440 17.79 0.440 9.62 |0.76

Table 4.1.12: Heat of adsorption values of e
ed based on Langmuir and Langmuir -

13X molecular sieves evaluat

Freundlich model

Model

S
Langmuir

I
Langmuir-Freundlich

S

thyl acetate adsorption in E-merck SA and

5A 13X

AL, J7kg x10° | bo, m/kg | -AH, J/kg x 107 | be, m'/kg
3.37 3.0 *10 1.30 2.60 * 10!
7.39 5.6%10° 12.5 242 %107
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Figure 4.1.1: Ethyl acetate adsorption isotherms at different temperatures in E-merck

5A molecular sieve
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Figure 4.1.2: Ethyl acetate adsorption isotherms at different temperatures in E-merck
13X molecular sieve
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Figure 4.1.3: Comparison of equilibrium capaci

ties of ethyl acetate in E-merck 5A

and 13X molecular sieves at 35deg C
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Figure 4.1.7: Fitting of Langmuir model with experimental data at 45 deg C in 5A

and 13X molecular sieves
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Figure 4.1.9: Comparison of different isotherm

equilibrium data of ethyl acetate in E-merc
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Figure 4.1.17: Determination of overall mass transfer coefficient using uptake rate

for ethyl acetate in E-merck 13x molecular sieve
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4.2 Dynamic Studies

4.2.1 Introduction
Realizing the importance of the dynamic studies as has been discussed in chapter III, both

experimental and theoretical dynamic studies have been performed in this research work and

the results of the said study have been reported in this section.

The results are presented in the form of concentration and temperature breakthrough curves

in case of EA-E-merck 13X molecular sieve system. In case of EA-E-merck 5A system, the

results have only been the concentration breakthrough curves as there have been insignificant
m within the range of the variables studied.

rise in temperature during adsorption for the syste
t are non-dimensionalized with respect

These concentrations and temperatures at the bed exi

to inlet concentration and inlet gas temperature respectively.

erimentally observed dynamic behaviour of EA

Section 4.2.2 presents the results of the exp
lar sieves with the variation of certain input

adsorption on E-merck 5A and 13X molecu

variables and analyses the same-

ynamic behaviour from experiments and model

n 4.2.3, results of the d

Later, in sectio
f standard deviation to valid

ate the model. This has

simulation have been compared in terms a
e model for the successful prediction of the

been used to establish the quality of th

€Xperimental results.

model input parameters on the

cts of varying the

! ally’ section 424 diSCUSSCS the effe
is 1 i fy the re]atively impoﬁa t
ption d i his 1S done to identi
s t ic b h yiour Of EA T
Yﬂam]c ena o
inf ence the dESigﬂ aSpeCtS Ofthe adsorber bed.
o mn u

Parameters and their effects t
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4.2.2 Experimental Results

Experim ’
p ents have been conducted to study the dynamic behavior of ethyl acetate adsorpti
rption

on E' { 4 .
merck 5A and 13X molecular sieves. Effects of changes in input variables such as inlet
e

su : o
perficial velocity, inlet concentration of EA and bed height have been analyzed and
an

disc - : . ,
ussed in detail. Also the adsorption behavior between the sieves has been compared

The y : ; : .
range of variables studied during the experimentations has been presented in Table

4. - : . )
2.2.1. The operating conditions for each experimental run have been shown in Tables

4. - . ; o
2.2.2 and 4.2.2.3. The exit concentration and temperature histories have been presented for

each experimental run in Appendix - 111

4.2.2.1 Adsorption on 5A and 13X molecular sieves
The results of ethyl acetate adsorption on E-merck SA and 13X molecular sieves are
gures 422.1 and 4.2.2.2. The operating

Presented as concentration breakthrough curves in Fi
conditions for these cases are nearly idendtical for comparison of the results. The
gh curves have not been presented here, as there is no

C .
orresponding temperature breakthrou

Sieni ; . ;
ignificant rise of temperature in €as¢ of SA sieve.

ar sieve shows @ flatter and much earlier

rve in 5SA molecul

T .
he concentration breakthrough ct
s lower adsorption capacity compared

breakthrough indicating that the 5 A molecular sieve ha
to the 13X molecular sieve. The Comparatively steep concentration breakthroughs in case of
13X sieve may be attributed 1O the shorter mass transfer zomne length compared to S5A

molecular sieve behaves closer to

Molecular sieves. This leads t© the conclusion that 13X
r sieve, while adsorbing EA from air.

id .
€al behaviour than E-merck 5A molecula
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4.2.2
.2 Effect of inlet concentration

Concentrati v
tration break a
kthrough curves of EA during adsorption E nd
o on E-merck SA X
molecular sieves for diffe i v |
ifferent inlet concentrations of EA in air have b
e been presented
through

Figures 4
s4.223and 4.2.2 I
..... 4 respectively. The corresponding temperature breakth
reakthrough curve
S

Ui pe['atll c ‘Se

f a

breakth
rough curv 1
h es could not be obtained. The inlet concentration of EA has b
. s been vaned
ping other variables co
nstant. Early concentration breakth
rough observed from
the
bate (EA) concentrations may be attributed

Figures
4.2.2.3 and 4.2.2.4 for higher inlet adsor
ntration increases the mass transfer rate

to the f: .
act that higher gas phase adsorbate conce
nd is expected to get early and steep

(adsorpti

t
rption rate) at the early stage of adsorption a
erature rise, in case of 13X, as a result

breakth
roughs. Corresponding higher and higher temp
rom the Figure 4.2.2.5. The higher bed

of high )
gher adsorption rate has also been observed f
ed and brings out early breakthrough in

te]“pel-
atu i

re reduces the adsorption capacity of the b
me the adsorption rate slows down due

case o . v
f higher inlet concentration. With passage of ti
d, showing flatter breakthrough in the rear portion of the

to .
partial saturation of the be
ence between the concentration

Concentratj
ration breakthrough curve. Thus, the differ
ches the

n after the breakthrough point and finally rea

break

through curves narrows dow

ed with the gradual decrease in peak temperature with
he wider

Saturati §
tion. This has also been reflect
¢ of adsorption. Also t

onsequently lower rat
centration

IOW .
er
inlet concentration of EA and ¢
blishes the flatter con

ntration of EA esta
perature rise

the insignificant tem
r adsorption

[em

pera ;
ture peaks for lower inlet conce

5A molecular sieve,

through behaviour. In the cas¢ of
May . l
be due to comparatively 1655 saturation adsorption capacity (Po©
Char © . . . :
acteristic) of the EA-3A molecular sieve system. LowWer saturation adsorption capacity
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reduces tt
1e rate of adsorpti 1
rption leading to lower temperature rise, which red
s reduces further d
ue to

convectiv
ive transport of heat with the fluid.

4.2,
2.3 Effect of Inlet velocity

Adsomti
rption experim
ents have been carri i
ied out at different iti
velocities whil
e the other

parameters
are kept constant. Thi
. is leads to variations i
n the turbulence insi
inside the bed

interstice ecti
: s, affe
cting the mass transfer rate and the residence time within the bed
ed.

The conc i
entrat rv
ation breakthrough curves for 5A and 13X molecular sieves at diff
erent inlet

gures 4226 and 4.2.2.7 respectively

fluid "
velocitics have been presented through Fi

Corre :
spondin v
g temperature breakthrough curves for 13X molecular sieve are sh
own in

Figure 4.2.2.8.

rease in velocity, the breakthrough occurs

It can b
e
observed from the figures, that with dec
late, a
,» and alm i i 1
ost a proportionate increase 11 breakthrough time with decrease in velocit
(consta y
nt i igni
pattern behaviour). There have been 1o significant differences of the pattern of the

break
thr
ough curves for both the molecular sieves.

The pri

pri - ity i
mary effect of the inlet gas velocity 15 011 the rate of the movement of mass transfer

FMTZ is directly related to inlet gas velocity. This, in tum

Z0on
e (MTZ). The movement O
e breakthrough

increasing velocity. A gimilar nature of th

results i
s in early breakthroughs with
t sensitive to

s indicates that mass transfer raté is no

Curvesg ;
s in the case of both the sieve
led by pore

the adsorption process 1s probably control

Velocit W
y. This leads to a conclusion that
1999). The corresponding

ransfer (Ghoshal et al.,

diffus;
ion and not by external film mass t
higher temperature

ows slightly

olecular sieve sh
ment of the MTZ at higher

tem
pe

rature breakthrough curve for 13X m
city. Faster move

riSe a s
nd a Iittle narrower peak for higher velo
he narrower peak. The lower peak height at Iower velocity

Velocity may b _
y be responsible for t
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more with lower velocity.

4.2.2.4 Effect of bed height
The ad i '
sorption experiments have been carried out with different bed heights (L) while oth
other

variables )
are held constant. The bed length variation keeping other variables constant

changes the residence time of the fluid within the bed.

Figu
gures 4.2.2.9 and 4.2.2.10 show the concentration breakthrough curves in case of 5A and

13X : 5 :
molecular sieves respectively for different bed heights. The corresponding temperature

b ;
reakthrough curve in case of 13X molecular sieve has been presented in Figure 4.2.2.11

e figures that with increasing bed length the breakthrough curves

It can be observed from th
turation time and almost same

are shifted to the right with higher breakthrough and sa

tem .
perature peak. Nature of the figures also remains the same. For a long bed, the mass
e bed. In such cases the concentration breakthrough

transfer zone will be contained within th

ith change in bed length (constant pattern behavior). The

profile will remain unchanged W
ly be due to axial dispersion for b

h curves as already mentioned indicates

eds of shorter length (Ghoshal

effects of bed length will on
et al, 1999). Almost similar nature of the breakthroug
hanges of bed length. For different bed lengths

insignificant effect of axial dispersion on the ¢

rough curves for both the adsorbents show a

the ethyl acetate concentration breakth

ating that the mass transfer zone is contained within the

reasonable breakthrough time. indic
of both the sieves for E
n behavior of EA on 13X in com

A. Again, comparatively flatter

bed due to higher affinity
parison

bl‘eakthrough in 5A supports the stronger adsorptio

to itself.
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4.2.3 Validation of the Model
Mathematic
atical models 1 i
s in the form of partial differential equations for transi
ansient mass and

section of 1 a
an adsorption ¢
0] 1
Jumn and the corresponding discretisation for numerical
solution

have b
een presented in cha
pter —IL. Langmuir type ads ion 1
orption isotherm has b
een considered

[able 4.2 3 \Y I \Y%
for both 5A and 13X molecular sieves. he values of mass transfer coeffici
ellicient,

r constants are determined from equilibrium and kineti
etic

| .
1eat of adsorption, and Langmui
studies descri '
escribed in chapter III. The other Ph}’SiCOChemical and transport. propertics
are

collected from literature.

through the comparison of the concentration and

Valid:
alidity of the model has been attempted
of the bed with those obtained from the proposed

lem s .
perature histories measured at the end

fter taking values of the input parameters such as

m
odel. The model has been simulated a
dsorption and overall mass

on capacity, heat of a

Lan i
gmuir constant, equilibrium adsorpt
rium studies. A quantitative

ulated from equilib

tran :
sfer coefficients as have been calc
alculating standard deviation at

has been made by ¢

as
sessment of the quality of the model
ted in Tables 42.3.2and 4233

each ' . ati isti
experimental point. The deviation statistics are presen

for E-
r E-merck 5A and 13X molecular sieves respectivcly.
In .
case of SA, the model simulation with the calculated heat of adsorption values (as
Lature rise (10 to 12 0C). This

um studies) shows much higher temp®

calculated from equilibri

is not the case, as observed experimental]y may be attributed to the fact of over prediction of
the heat of adsorption values from the experimcntal equilibrium studies. In case€ of 5A
breakthrough experiments the remperature rise has been found (© be around 1 —2deé C only.
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The
comparable si
e size of e
thyl acetate molecules with pore size of 5A
molecular si
ieves

correspond
s to higher resi
sista
nce for the mass transfer. This implies that etl
ethyl acetate i
is

CO“CCH ]all() l) a - 2 > .

lOwe
r heat of ad 1 w
sorptio W
rption. Hence, the modc] has also been simulated ith several |
ower values

of heat of
adsorpti
mption for all the cases of experimental dynamic studies in SA (Table 4.2
e4.2.2.2).

f adsorption was decreased to 75000 J/kg, th
, the

It ha
S a
been found that when the heat ©

tempe
rature rise w
as 0C f
about 2to 3 °C for all the cases. Thus, the simulated results with |
1 heat of

tisfy the observed temperature rise, they also well

adsorpti
rption value (75000 J/kg) not only sa
akthrough curves for SA — EA system. Therefore

predicts -
the experimental concentration bre
y for 5A molecular sieve, predictions by author’s

in all the validat;
validation results shown pictoriall
on values and the redu

n breakthrough curves have not

ced heat of adsorption values

eXperi
mentally calculated heat of adsorpti

have p
een
presented. In both the predictions the concentratio

¢ of heat of adsorption values.

been r
influenced much due to the chang

d 4235 art sample plots presenting the experimental
_merck 5A molecula

Corresponding temperature

F:
lgures 4.2.3.1, 4.2.3.3 an
r sieves for ethyl acetate

ntration breakthrough curves in case of E
alues predicted from the model.
23,2, 4.2.3.4, an

good agreement w

adsomti :
ption with corresponding Vv
d 423.6 respectively. The

b[’e
akthr

ough curves are shown in Figures 4-
ntration breakthroughs are 1in ith the
he model is

Pred;
cted results for conce
rves. In all cases t

breakthrough cu

ges of preakthrough and at the

Xperi
m .
ental results for a major portion of the
f()u
nd to -
under predict the concentration at the very initial sta
plete radial mixing may be one factor for the

Saturgt;
afy . ;
on level. While the assumption of com
1ati .
on, the other factor may pe that at very low concentratlon and at th
S , . :
urement of concentration has been possibly assomated with expenmental erTor. Table
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4.23.2 sho
-3.2 shows the standard deviati
rd deviation of predicted results (for unchanged and
ed and changed val
ues

Of ¢ > 1 !

y s B d

curves for E
r E-merck 13X c e a
-~ k 1
| molecular sieves for ethyl acetate adsorption with n
o 1 COlTCSPOl'Id. g
alues predicted from i v Corr |
the models with and without axial dispersion terms
. Corresponding

t ”'])C!all.l](: I) [ 4 4
I‘Cakth ou 4 2
I v pJ gures 238 2 3 10 and
g ekt £l . 312 It has

temperaturc breakthrough curves that the model
, e

been fi
oun
d, both from concentration and

mass shows good agreement with the experimental

withou : _
t axial dispersion of heat and
results. B
. But there 1 ;
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molecular sieve. Table 4.2.3.3 shows the standard deviation of predicted results (for cases of

with and without axial dispersion term) from experimental data.

4.2.4 Simulation studies

The effects of different input parameters, describing the geometric, thermophysical and

transport properties of the system of study, in the developed mathematical model have been

model based on linear driving force (LDF)

studied in this section. The mathematical

studies have been developed in chapter IL. This

approximation used for the simulation

and mass. The adsorption equilibrium is described by

includes the axial dispersion of heat

: s ied aré
Langmuir adsorption equilibrium. The parameters studied

e Adsorbate inlet concentration, Co

o Inlet superficial velocity, Vo
* Bed length, L

e Bed diameter, D

e Overall mass transfer coefficient, k

e Saturation Capacity ds

e Heat of adsorption, (-AH)

e Bed to wall heat transfer coefficient, hw

s Solid to gas heat transfer coefficient, h

* Axial Dispersion Coefficient, Da
eters to
ith di s of the above param
th ] has been simulated with different value
e mathematical model has

. during the design and

know the effect of each of them of th
Understanding the similar adsorption $

f
Operation of such systems: Effects ©
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in\re 1 = z " .
stigated by simulating concentration breakthrough and temperature breakthrough curves.
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he variable ranges and parametcr base values arc given in Tables 4.2.4.1 and 4.2.4.2

respectively.

inlet superﬁcial velocity, and bed length

4.2.4.1 Effect of adsorbate inlet concentration,
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section 4.2.2.
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effect of
the mass
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olid to gas heat transfer coefficient, h
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Appendix I

I)Cte £
rminati thy
E[hyi tion of ethyl acetate vapor concentration in the air stream
acetate
- vapor ¢ o Ak . :
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°
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C a1 ~ "
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L ] .
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¢ .
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Mperature,
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3T
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APPENDIX-II

Experi
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Run N
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Run N
umber: IS21. Flow rate: 4.34 x 10 m'/sec, Inlet
S
0.288

LDF method

Amount adsorbed (g/g)
B

Time (min)

P r— e —
Average adso rbcd.-c:]

R
un Number: 1S22, Flow rate: 4 x|

LDF method

Time (min)

A
Verage adso rbed, q

Uta

ln“' /q )

A
Mount adsorbed (g/g)

dy
e S8 4
&,‘IO——I‘J

ke curve method

0.232

3/sec, Inlet conc

concentration: 0.43 kg/m’

entration: 0.27 kg/m’

0°m
ST
21
I, oy g
0B /25///_/@55’" 0.208
—oer | 014745 _{/‘L‘Ezfl—'—-«——r@’”’ |




B ;
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Amount adsorbed ] 0.127 | 0-196 5255 ] 0296 | 0-32 533 [ 0344 | 03467 0.349
(T-) | 524 | 651 =04 | 761 | 818
'me (min) 60 g | 204 | 3% 424 Ranl
[ ——r— ,_,__-———_————"-—Oﬂgag'*‘é"ﬁsﬁ 0337 | 0345 0348 | 035
Bt arsushed 0063 1 0.1615 ﬂﬂ?ﬁﬁf%’f_
‘_j’ty_lo.t 17.0 | 7.38 4.23 3.23 1.7 d_______d__________d_______—______-—
dr /,,L,’—*-"J_———"”——"———'/

Uptalk
In( ?I\e curve method

Time (min)

A
Verage adsorbed, q

g 108
di *10

U
Plake curve method

1511)1,1 Number: 1S26. Flo* rate: 6-2 "
—OF method —0282 |
Mount 0.161 0,238 ’
~Lsorbed (g/g) | 385
: (¢/g) 550 38
Average o065 | O /
\a(—jf‘fﬂ’id_,g____% 2.9
oy, ; AL
raally /ii/

Rl.ln Number: 1S25, Flow rate:

LDfp
Amomw—/j//

emperature: 40°C
sec, Inlet concen

1

tration: 0.073 kg/m"

/

a7 | [ = Dliesss
T 640 730 |
I pf T
535 | 039! !
| s
N /J
/ﬁ'/ R .



o
Run Number: IS27. Flow rate: 4.0 x10°m’/s

LDF method

Amount
adsorbed
Time (min)

B EEEE—
AVCragc

| adsorbed, q_|

dg P
dt <10

' 3135 | 032
0203 | 0.233 0.253 | 0.2674 02899 [ 0.305 | 0
0.1373 | 0.18 .20 Wk
1100 1200
80 530 635 725 875 1000 ol s
L T 3 _—____, [ o [T |
i ’ 18 | 0.243 0.26 0279 | 0
0.069 | 0.159 0.191 | 0.2 ‘
75

Uptake curve

Run Number: 1S28, Flow rat

LDF metho
adsorbed
Time

((min)

AVerage

~LDF method
Amount

adsorbeq

)
Time (min)
e

~dsorbed, q |

method

d
o
Amount 0.042 | 0.091

N BRI

e: 4.0 X]O'ém

—0.2063 |

0,168 |

ptake curve method

W —

449

e

3
ec. Inlet concentration: 0.27 kg/m

L]
R e e 434 x10°™ //T__,,a—ﬁ" 0.328
un Number: 1S29. Fle e 0303 ]
/ 0. |_——1 740
0.161 0.202 | % | g
l 1 p
0 | O e | 2 | o |
—os05 | 018 5| —
o | > | L —
L




n: 0,027 kg/m’

Run N,
Number: IS30. 77
LDF m er- 830 Flow ratc 1.49x10 m/sec, Inlet concentratio
3 ethod
= S
ount adsorbed (g 2) 3

i
T||‘!‘|c (mm) — ol —
20 | 180

———

Avera -~ B (1 ;—4 o

5 ‘ e —
wq ! 0()3]() 0'0 '2

. T st
T~ 6.88

Uptak
ll]l( ].cfcu)n'e method
Ime ( min - |
1 |
3

7,_7,__4.___._,,_._—¢— —___———’_'
| 0.0638 0.0825

Rup ;
\[‘DfﬁNiner: 1§31, Flow rate: 0.86 x10° m’/sec, Inlet concentrallon 0.12 kg/m
AmOumcthog____] /,TWW—-@TEEW 0.1628 0.177 0.1818
?ds(,,bc q 00365 | 0.06 | 007 01076 | 0-} : !
&) | | T T o
T!me . ! /_‘___.—_’3.6,5-*‘_,.-6'&3"— 790 890 1010 {
el - | * ///’”ﬁf 0.1699 0.1794‘
Merage 17002325 | Yoy e 5115 | 01 gades | 012 |
\quoi 02325 | 0.05325 | 0.069 | Y- -
| | 7058 | 1.58 -
333 I oy v @ =75 | 1873 /',ELL/IES/'//L/
........................................ ) 3
Ry ncgntratioﬂi . e
n N -6 3"SC(:, Iﬂ]e«l co 0‘1‘53
DF\mumber: [S32, Flow rat¢: 0.86 x10 m R _ﬁ.ﬁ@g‘] 01265 0.13
Am()untethod ///7’04'00@ 0.0958 | i |
?dsorbed 0.0024 0_0307 | 0.062 0. /4/9#3_4/’/9/93/ 1014
28) | e =
NTK%;ue;\p___ IR B i 674 5 5301352
ddsq bge 0.0012 | 0.0154 0.0463 0. /% 26 =
0.976 3655 | | |
M




3
Inlet concentration: 0.27 kg/m

£y ‘ Y
Run Number: 1S33. Flow rate: 4 X107 m/sec,
~LDF method
ff Amount adsorbed
e
Time (min) 200

—— | .
A"Cfagc adsorbed, 00225

0045 | 0.0749

[ 300

g 4

-.'-"— r]” ; -
T I —

Uptake curve method
in([. / )‘*ﬂ’_- =

Time (min) 1543

Rup Number: 1S34, Flow rate: 4 %
DF method
Mount adsorbed (g/g) | 0.12468
Timc(min) 170
Ae—— 06234 |
Vera — 0.062
W
U at
: take curve method M gl
n( ..................................
0
.45 C
L kg/m
; tate Te tration: 0.1
) System: 5A-Ethyl AC€H™ s qnletconce” o1 | 0.1168
9 xIO'ﬁ m°/s€C /g’m’ /”éﬁﬁf—
Run Number: 1835, Flow 7t 755 [0 |75 [ 0 |
LOF methog g1 [ 000 Lo [ 40 |t | ©
Pl B . K 50 | 0 7010 B
S L s B g e I D S
otbed (g | |75 5[0 5
Time (min() ) 105 | 13° j/fﬁ 0.075 e A
Ave | —gee05 | 00|
ra 7 A -
%}ic{wo'o] /,l/l’g'“ 115
o a7 | ]
‘:‘l,-r-xlo" : | —




Run N S
n Number: 1836, Flow rate: 0.975 <10 m'/sec, Inlet concentration: 0.047 kg/m’
T S
0.18

HLA:Q!_""‘Ethod
thod o
Mount | 0.087 0.122 0.1377 0.159 0.167 0.1737
adsorbed
&g)
= -__________._d___________._-_______.__-—-—__'____.._-——-—
e | B || 2 480 540 630 810
1 _._,__ﬁ___f,ff_ﬁf//———f
srage 00435 0.1045 0.13 0.1483 0.163 0.17 0.176
e, —-—-———‘_ﬁ____—-—-"‘___“ -
% 100 5.08 425 152 1.44 ’ 033
_________F__‘_____ﬂ___________ﬂ_,_______

i{rl;]? Number: 1S37, Flow rate: 0.86 XIO'f' m’/sec, ion: 0. i
~—2F method o | 0| | i
A Wﬁ’ﬁ”’bﬁj 5184 | 0187 02
adsorbed o N e |
%Mffjﬂ—ﬁ’ﬁf 655 [
ime (min) 150 255 340 0 f—fﬂ_ﬁf
Fﬁjﬂf—/‘ﬁ 0.1865 0.1945 20n
Verage 0.0465 0.113 gildos e | — |
-EEj_SQr_be_d_q_ /#ffﬁﬁ _ -
(I{ - —__'__.__'__H___.—_——_'__— — : - '_-.-_'-_'__.—_.—_._
- T
: take curve method
N ( 1-q/q )

I:.}l)ln Number: 1838, Flow rate: 4%
2l method G773 |
Mount adsorbed (g/8) 0.173
Time (min)

AV(?rage adsorbed, g

g 4
ot <10

LR o
U
: take curve method
—(lqq)

w rate: T

Run Number: 1S39. Flo

L
~DF method 5757 |

A

Time (min) | ]
‘\_\‘_‘_‘——_.___'_____‘__,—’
=== | 0.
i lgs
Ut ar
: ake curve method
n(1-




10 m'/sec, Inlet concentration: 0.12 kg/mJ

Run N
LD & Number: 1S40, Flow rate: 4.0 x
~LDF method |
Amount llli"i;}'r.i) . -i-_ ST )———'"——————‘_"———-—‘“_————““_‘——*-"“_"——'—“‘_———'—‘_'—————'
|__ountadsorbed (g/e) 00648 ] 0.1284 | 0178 5793 | 0216 | 02277 0235 | 024
T‘"‘C(mm)"'i' ' ___4_____4______,________________________________‘______________
—— 90 510 | 370 | 43 o | 60 | 190 | %10
¥ 1:_- ——ee——
erage adsorbed. q 0.0324 WWW 53045 | 02218 | 02314 0237
S e __._.p—___———___———,___—d__’
% 0" 53 5 | 2P | ° 75| 98 | Mg ©
al ________.—-——-'____.__.—-—"—'_.__-——-——""_.-—-——"—'
i ‘ake curve n]elhod H_____._"—_'_.—F_'—_.—L—-_-_-_-—.—
n(1-g/q )
:

o
=10 )

. ’ 3
3sec, Inlet concentration: 0.36 kg/m

Ru 1
L[)l:‘1 Number: 1S41, Flow rate: | 49 x10°m
\R'\“HLMM"—__——"‘"——”*""’ 0.208
mount adsorbed (g/8) 55976 ] 0.135 | 01 -
T'mc( : ,_————*/—-———“ —--—-"'"'605
bin) 75 | 245 305
=775 | 02
0116 | 0-143 02 ]
] 5

\‘_‘_‘_-_—_.__'__‘
. _ ;
6.8 : I

oy

2 *10°

|

A
T.mount adsorbed (g/g)
Ime (mln)

A
Verage adsorbed, q
-hri
U t di x10*
\]ﬂ%l_cur\'eme”'o(i
h (1.
S . e,
"""""""" PP . aineet® . sawant | /m-
tration: 0.047 k&
i 6 1 1S€C [nlet concen : |
oy gl 70208 021
B it 0193 7]
%&Eﬂh—w r Isizi’i\// 0.163 0174 0.184 0.188
adsore [0.0945 | 0-111 0135 57478 | O 3
\(;& | N | 4 5| 660 5 | 8¢
" | 25 | 0 |
= //’ji /’380 /475 168 £ 0.1909 52005 | 02
5 il 0179 0.18
N [0.0473 | ‘ o [015% 5768 | O
aderage 0.0473 0.103:0_123 0. i B -
— | 0.82 0.87
e ///’/1/3’ e |
1013 | 222 5 el .
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let concentration: 0.27 kg/m’

43 Flow rate: 4.0x10° m’/sec, In

Run Number: IS

_LDF method

/ —— T - I——— e

Amount | 0.10476 | 0.15 [ 0.1788
| adsorbed J‘
l®e) | !

Time | 20 | 210 |
L(min) | |

Av TP 1

erage | 0053 | 0127 | 0.164
adsorbed, l
[

TR L
take curve method

Ysec,

IL{[I;;‘] Number: [S44, Flow rat¢: 6.5 xlO"’ m
~DF method
Amount adsorbed (g/e) 0.177 0.2613
\.‘__‘_‘_‘_——__"’_______,_._
e i) 165 300
______———-_____.—-——"'
A\'Cragc adsorbcd‘ q 00885 022
9 10" 9.74
ke 10
Ut !
| ake curve method

I Lrature
D) System: SA-Ethyl Acetaté Te“;(l)’_f::;/sec
un Number: 1S45, Flow ™€ -

DF method ]

A
Im i i
e
1.76 —

A
4 10° ’
dt L..-—-f‘/
1 Ptake curve method
n(1-

(<

Run N er: 1546, 7

LDF
Sethod 5570 | ©

Amoun
t adsorbed (2/8)
—770 | *

Time (min) Pt
A 15 0.
50 | =

oy « 104

dr

llj\take curve method




<10 m/sec, Inlet concentration: 0-27 kg/m’

Run Number: 1S43, Flow rate: 4.0
0.232 0.2548 0.269 0.284 0.287 | 0.291

T0.1788 | 0.195 0.2137

Amount | 0.10476 | 0.15

adsorbed |
| (/g h

Tﬁf)‘ i _____,_____,____,_____,,_ﬂ_____,_______.____“_______ﬂ_.

(m“ 120 | 210 00 | 360 | 4% 535 | 645 | 16° 915 | 975 | 1035
In) '1

0.1869 | 0:204 5323 | 02434 | 0262 0276 | 0.285 | 0.289

[

o S N
Average 0.053 0.127 0.164

adsorbed,

q |
dy ——-———*__—————"‘_—-—‘__’d
= «10* 8.22 3.81

U »
take curve method

{{““ Number: 1S44, Flow rate: 6.5 X
IDFgiefiol o T ]
0.177

165

*‘B,T)‘s's_r

4. x10"

dr

h\_‘__-‘..'__._—'_‘___'_—._’_’_'_"‘--
mu ptake curve method

hyl Acetaté Temp® .
1 6 m°/s€

5 Flow rate:

g) SyStem:” SA-Et
L““ Number: 1S4
DF method

I
O
>
S0
H
=0

0.0645
| ]
125

50551

""]'/76,/

lmUtake curve method
T et c

E[l)ln Number: 1546 Flow rate- ™
F method ,,/-"T//—I
0.
Amount adsorbed (g/g) 0.07¢ /()’(E[L
ime (min) 0 | 2
_/‘—/"6'67-7/ 0
Average adsorbed, 4 0.03> | 1
dgq x [(]4 o .
dt /

thod

Uptake curve me
EW q l




concentration: 0.073 kg/m’

r__———————_-_—-

0.18 0.1903
500 560

0.185

Vsec, Inlet

I ‘ ; .
l{‘“} Number: 1S47. Flow rate: 0.86 x10°m
—-‘—Iﬂ'_lll('thml

Amount adsorbed (L': £)

0.064

Time (min)
0.1775 |

Time (min)

. 3

Run Number: 1548, Flow rat¢: 4.0x10° m?/sec, Inlet concentratior: 0.12 kg/m
kDF method ;/WWW 0.1819

mount adsorbed (g/g) 0.0589 ﬂ/*‘ﬁ"ﬁd 572

] - 207
Time (min) 80 #Lf_ﬁ——ﬁﬁ 0.176
Average - 0 0727 0.09 : [

ge adsorbed, 0.0294 . f__————‘
q ___,_4_-—0-—'_'_'- 3.05 2'0 ].79

Eun Number: 1549 Flow raté: ™
72 method —5:0627 |
mount adsorbed (2/8) 0.0
_ n) | e
3
et
dy 4
=X 0 /

—  ax!?

Average adsorbed, 4




0.43 kg/m’

Run Number: IS50. Flow rate: sec, Inlelconcentration:
_——=TT0285 |
0.2142 0.239 0.261 0.275 0.285

_LDF method
Ld (L 5:) 1 0 073 0.1255 0.1601 0.1893 ;
el _____—-—_d__——__————__—-——___—
i 375 435 505 560

434 x10° m’/

Amount :d';orh
5 250 310

T _______————_-
125 185
0.202 0226 | 025 0.268

L ——
0.143 0.175

Time (min)

Average adsorbed. q [70.0365 “0.0993 | 0.
T ’____.___________._______,__ﬁ_____
728 | 492 4.5 360 | 323 . 5

dy 4
dt ’ IO

S ——_ ool

L time ( min))

entration: 0.56 kgjm3

E‘u“ Number: 1S51, Flow rate: 7.0 <107 m’/sec, [nlet conc

DF

Amouf::rthod 5199 | 0226 0243 | 02462 0.263 | 0267 0.279 | 0288
adSOrbcd

3o 370 | a0 | 485 o | P 835
Time (min) 0 | 270 345

Average g7 (0213 | 0 a 0255 | 026 0274 | 0284
verage g ; :

adsorbed, g — ._],,___—.33 H’I.ZZ L——""_ ~0.96 | e

. 0.60 k¢
Run Number: S52.F! . rate: 05 % 0°¢ m'/sec l“‘etconcem/riu/on/l//ﬂ/’“? 57289 | 0291
umber: , Flow 3 34 :
0.266 | 02

[!;?W"\JM‘J/T 5701366 0.1625 ’0.1/‘3’2175"9/l Basl

mount 0067 10,105 1 % A

(g/ | g | O 490
“‘—E)——-—_._._______./ 22 325 41 /_/__—-——""29
Time 60 120 180 2 //'6_2’51 0.275 02865 | O
(min) | /,,./’9/ 5177 0.206 0231 | ™

Av 34 01208 0.149 |V [

erage | 0.034 0.086 -

adsorb ' | o i 058 | -
EvrnE Akl 3875 | il

U |
ntake curve mcthod y
e ey s —

|



) System : 13X-Ethyl Acetate, Temperature: 35°C

Ru“ \"
Number: IS53.F ;
er: [IS53, Flow rate: 6.5x 10 m'/sec, Inlet Concentration: 0.60 kg/m’

k.DJ'f method
Amount 0359 10350 ] 0.3845 | == 10,5036 | T
siarbed | 0259 10350 | 0.3845 | 0.444 | 04736 535036 [0.5276 | 0566 | 0577 [ 0584
ST - |
ime - _—_——“————-—_————-——H————'—_—-——-—-——-—-—-—' l
‘;-——fjifi___T 135 Ss0 [ 307 | 437 |22 57 667 | 847 |77 937
versz -1 "f—:‘———-——_————f-“————-——
sdsadty I 395 [ 0.304 | 0.3672 | 0414 54598 | 0.489 | 05016 0.5468 | 0.5715 | 0.5805
YT UG, (J
e o - S r._____r____—~__——___———_—~———'-.————‘—‘_-———'_—-——-——'—_——-——-—
=L 10 7517 | 11.08 |30 s 449 | 157 2.5 211 |30 :
_”__ﬂ_J__.___d,_____m,__ :

3sec, Inlet Concentrati

R ;
un Number: 1S54, Flow rate: 4.0x10° m
—— 284 | 035

LDF method
) I 0.254 0.284
1335 | 387

60 | 240
s
5317 | 0380

Time (mln)
0.127 0.269 [
| —535 | 39

Average adsorbed , g
s | 2 L A

ﬁ;‘; Number: IS55, Flow ™€~ ]
method il 7 : .
0.445 10_484 0.496 0.
__‘_,_--—"‘"'——-—"‘"'__.—d

i:mouﬂt adsorbed (2/8) 30

ime (mi [ 145 L |

Mﬁﬁﬂ% 0875 ’_/J
- st R b

Average adsorbed . 4




Concentration: 0.047 kg/m’

0.86 x10° m'/sec, Inlet
0.155 0.193 0.208 0.238 0.255
[ T gy
980 1015

_LDF method
[ 0.058 0.087 0.1285
| ]
736 870

Amount adsorbed (£/8)

s i = | ___________,_____________

| Timefmin), 7235 | 387 502 | 620

- ___*_____,____________________.__—___,_—-____-——-___———_.__-——

Mo.ons o107 | 0142 0174 |020 0223 | 0246

___,____._____,,.f_,_,,,____,___________,ﬁ

L. & 2.86 3.0 2.96 2.76 o4 | 209 2.3 -

_Uptake curve method

(n(lqq)

LTime (min )

E“‘] Number: 1S57. Flo
DF method
) 1050 1290
(e BCC -
0.395 0.4075

Run Number: 1S58. Flow rate: U-

LDF m
ethod T
089 0.

ADF method___—o

__,..-——/
Average adSOrde, q 0

Run Number: I

\1
= &
L

559, Flow ™ ]

LDF
IS L
3 -

adsorbed
@L/,// B e
(20017 02/146/ b8
6 %

M——PEO,/ 48
4
Average 0_06]8 ‘/21/ [

adso
d:bed, / 3.6
ar *10° -




#P_@E_E‘Ip‘y rve meth od
fT_(‘Ll,tslftl ) 139 -1.83 243 317
o (min) 315 315 550 625 725
’ .__-—-__-__-—
on Number: 1S60, Flow ratc: 70 x10° m’/sec, Inlet Concentration: 0.56 kg/m’
_LDF method _
r\dmoum [0.1818 0.271 | 0.348 0.4265 | 0.469 0.498 | 0.5426 [ 0.5632 0.582 | 0.583
H;Lf"“'_‘it%) _;f__,_d____,______________u___-____— I
Lc(im)/,i 122 242 | 362 482 G0z | 672 | 812 937 1002 | 1042
A\.’C]’a:-
ge 70.0909 5226 | 0.309 | 0387 5447 | 0483 | 0.5203 05529 | 0.5726 | 0.5825
: T4 | 266 | 2608 301 | 2475 |-
doy y g ‘ 725 |69 |67 5.0 5.1

Time (min)

Run Number: [S61, Flow rate:

LDF method
Amount 0316
adsorbed (g/g)

Time (min)

AVerage
adsorbed, g

4.34 x10° m’/sec, Inlet Concentr
1 __,__,,,-———j_____._._-———“ N
0.404 0.469 0.5086 0.534 0.546 0.55
| e ____,,.-f—-"ﬂd____———’“‘______ﬂ———— h—
123 243 363 483 603 723 96348
0.158 0.360 0.4365 0.488 0.5213 0.54 0.5
8 : ff/
2.8 1.55 0.33 -

Time ( min)
Eun Number: 1S62. Flow raté: =
DF method ]
—
Amount 0.208 0.2357
ad.SOI'bed ( ) /
Time (min) 120 —’2’23’//
— |
I
Average 5704 | 02218
Ladsorbed, q | ——=c]
4 10° [1.78

Uptake curve

Run Numbeéf”
LDF method
Amount

(

Time (min)
~— ]
AVBrage

dy 4
— X

1563,

'id_sor_be__cjl-q—'//

-y 3
xlO’6 m’/s€cs //in/,,.‘
’0,’286’/7@5”1 0318 | 0328
’37;6’/’;;36// 585 70?
‘(T_z?l//”o_/gﬁ/ 0.303 0323
/’ﬁé// 174 50.452
96—




d
-2.329 -3.061
460 560

centration: 0.27 kg/m’

Uptake curve metho
In(1-q/q )
Time (min)

Run Number: 1S64,

Flow rate: 4.0 10 mY/sec, Inlet Con

M@L/__ﬂ____ R
Amoumadsorbcd (g/g) 0.223 0.287 0.346 0.397 0.436 0.462 | 0.482
B
120 240 360 480 720 845
R Bl RRSRS e I

55 (03165 | 03715 | 041

0.492 | 0.504

“Time (min)

Average adsorbed, q 0.112 | 0.2 .
|
I = A RN ST
44 410 11.9 5.125 4.58 3.56 2.86 1.84 1.66
ot e ,_,__.__-I_/__.——-—'—_.——-——'—
Uptake curve method
In(1I-

Time (min)
n- 0,047 kg/m’

Run Number: 1S65. Fl
0.265 0.272 0.277 0.281 0.29

_LDF method ___—
Amount adsorbed (/8) 0.179]0.2228 0.2458 | 0.255

145 | 490 | 635
35 | 113 200 260 335 | 395 5

ow rate: 0.975 x10° m’/sec, Inlet Concentratio

I
0.26 0.2685 | U-
e

Time (min) .
time(min) 5702009 | 53325 | 02504 |
ry 2.68 1.28 : : ' '
138 | 403 ______L__,______L,—L_——A————

Run Number: 1S66, Flow rate: 0.86 x10° mY/sec, Inlet €O o
_LDF method _,,//’T/j——ﬁﬁ” o312 | 0319 53260335 | 034 | ¥
Amount adsorbed 0.2066 | 0.2550 0285 | 03
(e/g /*,,,//f-f—f——"qga’ <50 ] 600 | 660 780
ime (min f 177206 | 323 0.331 | Y :
verage adsorbed; - - i BT L 33 _ : :
rg— 578 4611 m e | bt L/%_————\—/
& %10 o e

178




yl Acetate, Temperature: 45°C

C) System: 13X-Eth
ate: 1.49 x10° m'/sec, Inlet Concentration: 0.027 kg/m’

Run Number: IS67, Flowr

_LDF method
M0.0N 0.104 | 0.1376 0.152 0.16 0.1664 | 0.17 0.174
Time (
min) 60 150 | 270 390 460 | 570 750 870
,__________—_____—-_____.——_____—_____—-__.‘
Average adsorbed, q 0.037 | 0.089 0.1208 0.1448 0.156 | 0.1632 0.1682 | 0.172
_—__—————"2_————_———*__-————_—————-—————-"————-—‘————-——————
4 10 5.77 2.65 2.0 1.02 - 0.30 - -
_dr 7 - ________——__.__—--_____.——,____.-——H_.__—
Uptake curve method :
LA
[ Time ( min )

3/sec, Inlet Concentration: 0.12 kg/m’

Run Number: 1S68, Flow rate: 6.5 x10°m
0.3221 03256 | 0.33
Hyinesms:
830 890

LDF method

Run Number:
LDF method
Amount adsorbed (2/g)

Run Number: 1570 F
LDF method

Time (min)

4

dy
L_’lﬂi)///

79




-4.198 |
635

[In(l-gq)

I'me ( min )

Run Number: [S71, Flow rate: 4.0 x10° m/sec, Inlet Conce-m-rz‘irli(-m:“f).lI“2‘7|;f;",/lrﬁi

LDF method

r’\_moum adsorbed (g/g) 0.256 0.281 0.303 03112 0.323 0.334 | 0336

e _______-___.____—______.-——__.___——-__.____.—__._'_.-—_.____
245 365 490 550 635 750 820

Time (min_)
_____.__—-_.___—~_____.——________—-_____.-_____________.
0.237 0.268 0.292 0.307 0317 0.328 | 0.335

Average adsorbed, q 0.1095
Nl Sl I—
| 10.62 2.58 1.92 2.5 1.17 0.96 1.0 -

Time (min)
tration: 0.047 kg/m’

6 m?/sec, Inlet Concen

Run Number: [S72, Flow rate: 0.975 x10°

LDF method
Amont 018 |2 w2 L R

adsorbed

(g/g) ______———-*_____————__.__————____————,____———~

Time (min) 125 745 365 485 550 630 745
_‘—'__d__'__'— -

Average 0.099 02015 0213 0226 0.236 0.245 0249
M‘E‘_ﬂ_a_________-_________—_______ﬁ—_______ﬂ_______—— 7 :

' . 2 : 162 .

| @0t # I ___,__—L,_.__—L,_,,,

Uptake curve

) : —ts o piwsasrenet® PROSPTOT ol A.. .....' . 6 k m
Run Number: 15-73 Flow rate: 7.0x10 m’/sec, Inlet Concentration: 0.56 kg/
| ""““’”'""" ; 0428 0.435
%ﬂ———t&mdﬂ 0.259 0319 0.362 0.390 0425 — ]
oun 3 3
1705 810
adsorbed (g/e 425 535 690 1
| ' 205 320 2
- jOf”/ | 0.376 0.407 0.426 043
_‘_._———__— .
Average 0.129 0289 0341 -
e | - il L | 1.22 0.5
e 5 3.33 2.82
g 10° 13.91 4.52 :
ot # 10 _— ______,._—-—"'"'_I_/

e e
T — g A
R Numbers ST ™y 00| S U
LDF method ; 5280 | % it T 57 795
-3—5§/ 410 50 | et |
190 R LR 0.381
& —’/-/‘F
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d

Uptake curve metho
(n(Tgq)
[Time (min)

ation: 0.073 kg/m’

Run N
| [-] Number: [S75, Flow ratc: 6.0 x10° m?/sec, Inlet Concentr
({Ll"ﬂc—umd__!_‘____
- 1 = _.__.__,——-——'__"_-__-__.__-—-———-__._____ E—
Amount adsorbed (g/8) 0213 |023 5259 ] 0267 029 0209 | 0305
Time (min) _-————-'—"__.——-—-—"__._-—-—-—-____._.—-—— [
i — 120 220 310 390 485 565 705
Average adsorbe L tga 0283
sorbed, q 0.106 0.226 0.249 0.263 0.278 0.294 0.302
: 12.0 2.56 1.75 1.58 2.0 0.57
10 ' . 2 ' : ' )
__f/__f,_____,___ﬂ,____.,,J

Uptake curve method l!@—

tion: 0.073 kg/m’

—T_"“C (nlitl)__j

Fll)ln Number: [S76, Flow rate: 0.80 x10 m’/sec, Inlet Concentrd

Amount adsorbed 5208 | 0.223 02337 | 0.240 025 | 0272 0276 | 0277 0282 | 0285

‘(%L-//———”———"’“ _——T1735 | 05 | 705 845

lime (min) 70 30 | 190 235 | 325 75 565 |6

I s Ll it

Average adsorbed, G WWW 0237 | 0.245 0261 | 0-274 0276 | 02795 02835

-___——if__,f,./f_—————-f_——————a—rfﬂoz =
410t 18.60 2.0 2.0 0.88 1.06 1.44 L :

~_‘_F._:.’f_ﬂ£]____,__.———\‘ ,__'__,_.--__,__.——--"_'— .—-—""""'——-"""_'—.—'d

Uptake curve method

e 63 - Sa— 2kgm
Eu“ Number: IS77, Flow rate: 8.0 glo I5EPs /—‘__/_____/,T/ 5346 W
DF method __ﬁ___,,_,_-,_,_,——-—‘_-»—/ 0.278 0.298 0.320 0333 |92 L _—
A 06 0.248 0.2664 . | o | o T R05
[ Amount adsorbed (#8) _ 02 066t | [ | Ll
 F—— 75—/7‘2’5"’ 180 255 |3 | L0339 0.347
e (min) /_,__/,,-—7—5—" 5788 | 0309 5326 | 037 |~
"1 0234 0.257 02 /,,_——"/‘"/
Average adsorbed, 4 0.11 //_//-———"-—1"8"3"" 2.43 1.94 0.816 L.-———"
; 2.0 1.77 /L///

Run Number: 1S78, FloX rate: 40210 A
Ww&%‘f’ﬁﬁ 0.2981 G4 | 0348 0.3 ///’T
adsorbed : /// 865 90>
(5/g) P e Ll B, croy 0405
Ti ~ 55 |2V /,-—//3?6/ 5388 | 037

ime (min) | 5 /,-,_,/»637’ . //ﬁf‘/
— . 5 . i
Average ~'6—-1’2—4/ 0.264 0.2 /’ﬁ/’]’if’ﬁf L ’O/.i—l_/—//
adsorbed //’//fﬁé/ 2: 18 0. //_——/

ESOTOER: Lo 717 | 30 |

dt




Uptake curve method
[__ln{l-qﬂi) [ 4729 595 -4. :
[285 | 865|905 [965 |

Lljmc(mm) [ 155 215

Run Number: IS79. Flow rate: 6.5 x10° m'/sec, Inlet Concentration: 0.60 kg/m’

L.DF method
)
Amount adsorbed (g/g) 0.2548 0.2996 0.3486 0.3896 0.408 0.423 0438 | 0.44
[ime (min) 40 90 161 230 290 350 450 510
P_____________________._.__________._________.______.__"______._
Average adsorbed, q 0.1274 0.277 0.3241 0.369 0.398 0.416 0.431 0.439
| ____-————____—-——~____-—-————-_.—-————-_._————-—._-————-
dq 1ot 29.92 6.63 5.68 - 3.0 1.5 1.33
2«10 L.__—-—-—'-_.———-——-—._—-——-—'_-————-—"_.——-————'

Time ( min )

D) System: 13X-Eth | Acetate,
) 33 4 10" m’/sec, Inlet C

Run Number: 1S80, Flow rate: 0.975 x
LDF method —63/'6’{69"7 0.215 0.218
Amountadsorbcd (g/8) - fff
. : |l
Time (min) —WWFEL 0.2165
Average adsorbed, 4 W/’ 0 —
—

v . ntration:
10 m’/sec, [nlet Conce
o 0.239 0.245

Run Number 1S81, Flow rate 8

e 0.227 0.231 0.23 |

D T 206 0.219 = =

: 270 345 405 I
5 0.238 0.242
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0.86 x10° m’/sec, Inlet Concentration: 0.073 kg/m’

Run Number: 1S82, Flow rate:
: 0.245 0.255 | 0.265 0.274

L.DF method
f\mnun[ N Ar_mﬁi—ww o
Tmetmmy % |2 i
» (min 45 92 = =
.»‘\vcr:lg-c:iuf——- WWW _EL = __.___700 -—-—-—870
adsmbc-d.ﬂ—__—_———a————#r——; 02425 025 | 026 |07
P

“Uptake curve |

(_u,ﬂlive method

Time (o) 192 -
3sec, Inlet Concentr

low rate: 1.51 <10°m
PR —
0.281

Run Number: IS83.F

LDF method
W 0212 | 0226
Time (min) 45 87
Average ad o106 | 0219
ge a sorbed, 4 0.106 ;
L e
% 10" 5690 | 160
i e

ot
Uptake curve
In ( 1-g/q
Time (min)
Run Number: 1S84. Flow rate: 7.0
LDF method
g | 021 53513 | 0305
432

Amount adsorbe

mcthod
1.218 -1.389

b 10° m’/sec

Time (min) L__;__—_____/
0.1076 0.233 0.26
/

Average adsorbcd, q

Run Number: 1S85, Flow rate: - z
5307

LDF method
bed (2/8)

Amount adsor

Time (min) i
115

Average adsorbed, q g
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Run Nun 3
I 1ber: I1S86, Flow rate: ot
_Flow rate: 4.0 x10° m'/sec, Inlet Concentration: 0.092 kg/m’

. LDF u_l_c(hmi T 5017 |
.-\mmml” i T?FTTT—T—-—_—
sl | 5 10.2368 0.2529 | 0.2645 0.2695 | 0.2812 0.2877 | 0.2934 | 0.2979 0.299
| T I
_ii(j"n) 45 120 181 250 305 365 430 495.0 | 550
e 01107 WWWW 53753 (0284 | 0. ' 670
ree [0 [0 | ' 02 0784 | 0.2905 | 02956 | 02989
dy 7 [.‘_77 2_6 1 88 TR
L<10 . 64 | 138 | 134 10 |09
J‘ ; j ; 0275 |-
EREE el B A

' .,__——-——___‘
_Uptake curve method
In(l-9q) _-! 558 |-l
120 181

Time (min )

Run Number: IS87, Flow rate: 4.34 10 m*/sec, Inlet Concentration: 0.43 ke/m’
0.3243 0.335 0.3525 0.356 | 0.36
Seanti™ Dty

0.2249 0.2615 0.283 0.3069
] e
415 265 |S15

Amount adsorbed (¢/8)
______-—~____,__-—-d__.__—___._.——_____—-
38 105 165 230 290 350
|t
0.3437 0.354 | 0.358

‘_.—-——"‘-'—-.___,——-—-'_"'—-
0.3156 0.3296
.__-—-—'_.-'_.__-——-—_'-

Time (min)
i —
— N
Average adsorbed. g 0.1124 0.243 0.272 0.2949
Tl —T333 | [ —
3.45 2.33 2.16 1.43 - -
L

e e

Rl G
9 10" 949 | 483 3.52

- ot ,_——-——'_'—_‘——""—___-‘ _____.__.——-—-"L___.__.————""‘___.——-——"’_'_
Uptake curve method

In(1-
Time ((min)
: 3
Run Number: 1S88, Flow rate: 4.0x10° m’/sec, Inlet Concentration: 0.12 kgym
LDF ﬂ”’”*’”’—’""’"/""”"’?
_LDF method
Amou':teth()d 57034 | 0.2417 0255 | 0-276 0.2906 53015 | 03086 53186 | 0322 032
- '_'__—-——'—"_
adsorbed (#/8) |95 400 160 |33 565 | 600
Time (min) 30 95 56| 260 320
e T | 5748|0265 g3 | 029 5305 | 03136 0320 | 0323
Average 51017 | 0223 5248 | 0.265 0.2 :
a_dsw/p———-—*-——————"————"‘fo 6 | 5 | 114 IRE =
4 10" 895 |4 THE .
ot _.——--"‘"'"-——-—-""""_—-—""""’

thod

Uptake curve me

..................................................................
’ - s i e JOArEC L L e wan tranon- 0l27 kg!m
Run Number: 155717 TR s (7 705
LDF metho? i 57907 | 030% (03097 | ——%10 |
——"110.2293 0.2 [t By 50 |6
bed (¢/2) [t By 70 | 20 [l e
2 ﬁ?_——//’—/{—a—ﬂgﬂa‘ﬁf 0.327 0.339
5396 | 03 et 2

Amountadsorbed (8243
65 !
|__———"170.2871

Time (min) :

0.243 .

Average adsorbed; d 0.1146 [l et
—55 | 346 I

184



Run Number: 1S90, Flow rate: 6.5 x10° m/sec, Inlet Concentration: 0.60 kg/m’

e —
0.2931 | 0.316 0.329

Arount | 0.216 | 0.252 | 0271
adsorbed |
(g | I B W
Time 145 | 115 %5 | 265 |30 300 | 450 | 3530 50 | 650 | 700 |74
[ (min) | __________._______,_______._.____.___—.___.._____
Average 0708 | 0.234 | 0261 53821 | 0-302 | 0320 5333 | 034 | 0346 0356 | 037 | 0375
adsorbed, l
l _____.—-—-__..—-—-—"..—-—-—'—'— ____._-—--___..——-—-'-
‘9‘_“—’»—-‘"“" T"’“ﬂ"’”’g"ﬁ" 15 |- - 147 |- :
.1‘.“%.[0‘ 18.0 33.4 — (]
_Uptake curve method
; 118 3

027 kg/m
Run Number: [S91, Flow rate: 1.49 10 m'/sec Inlet Concentration 0 g/ -
’ ' g 13 | 0135
LDF method __—T0.1098 o119 | 012 L_______
0.084 0.0948 ___,.__—-——-.-—-—F—"'” 450

Amount adsorbed (g/8) ’ _'___(,)_._.—-——-"_.i—]—(-}-"’"" 270 330 400 ™7
= 3 | | — !
Time (min) |~ —l//#ﬂfﬁr’ 0.122 0.127 _EEE___
Average adsorbed. 9 10.042 ﬁ@ff//ff . f

£6 dEsEET 20 LI,?/L/’L-”L"’"

=83
|

1!:.! " 4
4410
Liptake corve method

In(1-g/q )
Time ( min )




APPENDIX-III

Experimental Dynamic Adsorption Data for Ethyl Acetate Adsorption on
E-merck 5A and 13X Molecular Sieves

System: SA-Ethyl Acetate,

Run Number: DS3, T,,: 34 °C, Inlet velocity 0.008 m/s, c,: 0.60 kg/m’, Height of bed: 18 cm
Concentration Breakthrough data

\Time(m'm) \5 \30 \50 \60 \70 \80 \100 \120 145 175 [210 250 300 [360 385

0.51 | 0.62 0.73 | 0.812 | 0.866 |0.945 | 0988 |0.998

Lc/c., \o.n \().()n'”\o.os 0.133 108 {020 1039 lost

Temperature Breakthrough data

\T'\me(m'm) \5\30 \45 \50 \60 \70 \80 100 175 205 250 300 360 385

| Te/Teo |1 {1 {1002 {1.002 }1.003 |1.003 |1.003 |{1.003 |1.003 |1.002 |1.002 [1.002 [1.002 |1.002

Run Number: DS4, T,,: 32 °C, Inlet velocity 0.0046 m/s, c,: 0.372 kg/m’, Height of bed: 18 cm

Concentration Breakthrough data

| Time (min) {275 |280 | 325 1350 | 380 405 445 485 565 645 710 780

| cleq 100 10021 10.22 1033 044 0.55 0.66 0.77 0.88 0.93 0.985 |[0.99

Temperature Breakthrough data

\Time(m'm) \275 \285 \305 \350 385 400 450 500 550 570

| Te/Teo |1 ]1.0016]{1.0032 |1.0032 1.0016 | 1.0016 1.0016 |1.0016 |1.0016 | 1.0016
186

S aEEE e

[ -



Run Number: DS5, Tg,: 32 °C, Inlet velocity 0.00288 m/s, ¢,: 0.23 kg/mj, Height of bed: 18 cm

Concentration Breakthrough data

Time (min) [800 [835 850 [865 [885 895 [ 905 910 930 [940 [985 [1020
c/co 00 |0.0054 [002 003 [0045 [o01 o015 Jo20 [025 [03 |04 [05
Time(,min) | 1065 [ 1085 [ 1115 [ 1160 1215|1230 | 1245 | 1275
| cleq | 0.65 0.69 10.77 1088 0925 |0.95 1 0.975 | 0.984

"Run Number: DST Tyy: 32 °C, Inlet velocity 0.00288 ms, c,: 0.372 kg/m’, Height of bed: 18 cm

Concentration Breakthrough data

| Time (min) | 400 {455 1470 | 480 | 510 [s25  [s535 570 [585 [600 [620 (645 [680 |
clcg 100 10.002]00033 |00093 |0044 (008 (011 [022 [028 [0355|044 [0.543 | 0.66 |
| Time(min) 1730 | 770 | 810 | 845 | 915 | 930 1
\ cle, 1077 | 0.84 | 0.876 | 0.9 1 0.98 1 0.99 |

Concentration Breakthrough data
1155 1175 [205 1225 [265 320 365 [435 485 495 505 |520

| Time(min) | 125|130 | 140
\ clcq 0.0 00035 [0.018 | 023 [033 [0.46 |052 [0.67 1081 [086 [093 [0977 [0.984 |0.988 1 0.991
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Run Number: DS10 Tg,: 32 °C, Inlet velocity 0.0046 m/s, c,: 0.372 kg/m“, Height of bed: 6 cm

Concentration Breakthrough data
| Time(min) 25 40 55 85 110 150 | 190 240 | 300 [360 |390 |425 |440 |480
616, 0.0084 | 0.044 0.11 0.33 0.44 0.59 |0.69 0.8 0.88 1092 10.935]0.95510.966 | 0.985

Run Number: DS11 Ty, 34 °C, Inlet velocity 0.008 m/s , c,: 0.71 kg/m3, Height of bed: 18 cm

Concentration Breakthrough data

[ Time(min) {15 130 a0 155  los 185 fwo [us 135 150 (175 [195 |
\ cleq 10004310088 (014 (031 |042 |051 058 10665 [072 10775 [083 [0867 |
| Time(min) | 210 | 235 | 265 | 285 | 305
\ cleo 1 0.89 | 0.92 | 0.944 | 0.96 | 0.986 |

Run Number: DS12 T, 32 °C, Inlet velocity 0.0046 s, c,: 0.372 kglm3, Height of bed: 12 cm

Concentration Breakthrough data

| Time (min) 1125 |45 | 165 | 180 1195  [230 | 255 | 275 | 325 1375 |
\ elc, 1 0.0033 | 0.0144 | 0.067 | 0.15 o2 o032 o044 [052  [066 1076 |
| Time (min) | 450 | 515 | 585 | 650 1670 [ 700
| cleo | 0.86 | 0.991 10.95 | 0.965 1 0.98 | 0.99
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Run Number: DS13 Tg,: 32 °C, Inlet velocity 0.008 mV/s, c,: 0.22 kg/m3, Height of bed: 18 cm

Concentration Breakthrough data

Time(min)

140

155

170

205

230

250

300

350

455

520

590

655

675

705

ol

0.078

[0.153

0.256

0.303

0.44

0.545

0.66

0.764

0.85

0.911

0.95

0.965

0.98

0.99
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System: 13X-Ethyl Acetate,

Run Number: DS15, T,o: 34 °C, Inlet velocity: 0.008 m/sec, ¢ 0.60 kg/mJ, Height of bed: 18 cm

Concentration Breakthrough data
(Time(min) [ 125 [145 [150 |155 1160 | 170 | 190 | 210 235 250 (270 1280 [290 |
| clc, [0 00043100386 0.133[021 (033 10573 {076 |086 |091 [096 [0.98 [0.994]

Temperature Breakthrough data
Time \135 \\140 \145 \150 \155 \mo \1()5 \170 \180 \190 \200 \210 kzm \275 280 \

(min)
[TJ/Te  11.005|1007]1.0091101411.02 |1.026 |1.03 11038 [1.042 |1.04 ]1.038 |1.031[1.02 [1.008 |1.006 |

Run Number: DS16, T,q: 34 °C, Inlet velocity: 0.008 m/sec, cq: 0.50 kg,lm3, Height of bed: 18 cm

Concentration Breakthrough data
[ Time(min) 1190 {195 1200 [205 210 [230 |245 |260 |280 295 [310 [320 [330 [340 |350 |355

\ clco 00 1000181005 1009 (033 052 065 |0.75 1085 109 1095 096 |0.97 [0.98 |0.993]0.995 |
Temperature Breakthrough data
| Time (min) 1160 | 165 | 170 | 175 | 180 | 185 [190 | 195 1200 205
| Ty T 11,0048 | 1.000 | 1.007 | 1.008  11.01 | 1013 1102  [1.028 ]1.031 [1.036

[Time qmn) 1215 1220 (230 (235 (240  |250 [270 1285 [310 |320 |
Er™ 11039 [1.036 (1033 [1.031 [1.029 [1025 |1.018 |1.011 [1.005 ]1.004 |
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Run Number: DS17, T,,: 34 °C, Inlet velocity: 0.008 m/sec, ¢o: 0.71 kg/m’, Height of bed: 18 cm

Concentration Breakthrough data

[ Time(min) [ 100|125 [130 135 [145 [150 [155 [160 [170 [175 [190 (210 [230 [260 |

| c/e 00 (00076 [0.12 102 033 {04 [046 [05 106 (066 [077 [088 ]093 [0987 |
Temperature Breakthrough data

[Time (min) 1100 (105 {110 115|120 1125 | 130 [ 135 | 140 | 145 [ 150 ]
| To/Teo {10 (1001611005 {1011 {1017 11024 11032 (1037 |1.04 | 1.044 (1045 |
| Time (min) 1155 (165 1170 1175 1185 (190 1200 215 {225 |235 |245 [275 |
\ T T {1044 1104 |1.037 |1.033 [1.028 [1.024 {102 [1.013 [10098]1.006 |1.006 |1.0032 ]

Run Number: DS18, T, 32 °C, Inlet velocity: 0.008 m/sec, ¢c,. 0.372 kg/m3, Height of bed: 18 cm

Concentration Breakthrough data

[ Time(min) 1230 1240 (245 1250 1260 {270 285 1305 |315 |330 [345 1360 [370 [380 [400 |410 |[420 |
\ cleg 0.0 0.003 | 0.009 |0.066 |02 {0327 [0.47 1062 | 0.68 | 0.77 | 0.84 | 0.88 10.93 10.94 | 0.98 | 0.985 | 0.99 |
Temperature Breakthrough data
[ Time (min) 1200 {215 1225 230 | 235 | 240 | 245 | 250 | 255 | 260 | 265 | 275
| To/Teo |10 [1.0032 (1009 |1.01  |1011 [1.0114 [1.013 [1014 [1017 [102 | 1.021 1.023
| Time (min) | 285 | 290 1295  [310 | 320 | 330 | 350 | 370 | 385 400
| T/ Teo [1.028 (1029 1031 [1.029 [1026 [1.023 [1.012 |1.009 1.006 1.005
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Run Number: DS19, Tg,: 33 °C, Inlet velocity: 0.0148 m/sec, c,: 0.3 kg/mj, Height of bed: 18 cm

Concentration Breakthrough data
[ Time (min) | 120 | 125 135 | 145 [155 [165 [175 [195 |205 [225 [255 |280 |325 [335 [345 [360 |

| c/c, 0 10.0044 |0.118 [0.234]0.35[0.45 [0.485 [0.62 [0.72 | 0.78 | 0.875 [ 0.94 | 0.97 | 0.984 [0.992 | 0.995 |

Temperature Breakthrough data
(Time(min) 190 [100 110 [115 [120 {135 (155 1160 |165 175 [185 [200 (205 |
| T/ Ty |1 [1.0014 [1.002 | 1.004 [1.006 | 1.011 |1.0196{1.023 [1.026 [1.028 [1.032 [1.03 ]1.028 |

[Time (mim) 1215 (220 (225 (235 1240 |250 255 1265 1275 [290 {310 (330 |
| Ty Teo 11024 11023 {1021 (10195 [1.018 {1016 [1.015 [1.013 [1011 |1.008 [1.0032]1.0032 |

Run Number: DS20, Ty, 32 °C, Inlet velocity: 0.0046 m/sec, cq: 0.372 kg/m3, Height of bed: 18 cm

Concentration Breakthrough data
[ Time (min) | 450 | 460 1465 1470 (475 (480 [495 (500 [510 {525 |550 [570 |600 |630 655 685 |
\ cleg 100 |0.0024 |0.0067 | 0.011 [0.016 | 0.02 [0.084 [0.21 | 0.35 [0.423 {0.66 [0.78 [ 0.88 [ 0.93 [0.95 0.986 |

Temperature Breakthrough data
\Time \400 \415 \430 \440 \445 \450 \455 \460 \465 \470 \480 490 500 515

(min)
| Ty T 10 [1.0016 | 1.0032 | 1.0065 | 1.0078 | 1.008 | 1.01 | 1.0114[1.013 |1.015 |1.018 [1.023 [1.029 |1.03

| Time (min) 525 530 [560 [580 [600 620 |635 1650 [665 |690 715 745
| T/ Teo 1029 [1.027 [1.023 [1016 |1.013 [1.011 |1.0098 |1.008 |1.0065 |1.0049 |1.0032 |1.0016
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Run Number: DS21, T,,: 34 °C, Inlet velocity: 0.008 m/sec, c,: 0.60 kg/mJ, Height of bed: 12 cm

Concentration Breakthrough data
Time (min) 75 |80 100 120 130|140 ]150 155 180 [190 [205 220
c/c, 0.0 |0.0053 0.238 0493 1064 1073 1077 1079 (089 [0.933 {0973 |0.993
Temperature Breakthrough data
| Time (min) {50 |55 | 60 | 65 | 70 | 75 | 80 90 | 100 110 115
| To/Tyo |10 {10049 [1.0088 {1.014 [1.018  |1.021 |1.0245 |1.03 1.033 1.036 1.039
| Time (min) 1120 {135 | 140 1 150 1155 1160 165 170 180 190 195
| To/Teo 1104 11036 11033 1103  [1.026 |1.023 1019 11016 [1.013 1.009  ]1.009
Run Number: DS22, Tego: 34 °C, Inlet velocity: 0.008 m/sec, c,: 0.60 kg/m3, Height of bed: 6 cm
Concentration Breakthrough data
| Time(min) {20 |25 | 30 | 40 | 55 75 180 95 105 |125 140 |150 |155
| clee [0 100021 10067 {031 0533 {076 |079 |086 |0893 |095 098 |0.986 |0.997
Temperature Breakthrough data
\Time\S \10 \15 20 \25 \30 \35 40 |45 50 55 65 70 80 90 125 | 135
(min)
| Te/Teo | 1.011.008 | 1.023 | 1.026 | 1.029 | 1.033 | 1.036 | 1.039 | 1.042 | 1.039 | 1.036 | 1.033 | 1.029 | 1.026 | 1.021 | 1.008 | 1.005
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Run Number: DS24, T,,: 32 °C, Inlet velocity: 0.0148 m/sec, ¢,: 0.372 kg/m3, Height of bed: 18 cm

Concentration Breakthrough data

[ Time(min) ~ | 100 | 105 [115 (120 [130 [145 [160 |180 |195 [210 [230 |240 250 | 260
| clco 100 [00033 {016 {024 1033 045 (06 (075 |081 [0.88 {092 095 098 |09
Temperature Breakthrough data

[ Time (min) (80 (90 195 | 100 | 105 | 110 {115 1120 130 140 155
Ty Tee {10 [1.0019[1,0032 {1013 11018 1021 [1.023 {1028 [1031 1.034 1.032
| Time (min) 1165 [175 1180 | 185 [195 200 [205 1210 220 230 235 | 245
| To/Teo {103 |1.028 [1.026 [1.021 |1.018 |1.016 |1.015 ]1.013 ]1.0098 |1.008 | 1.0065 | 1.005
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ERRATA

Page No. Line No. Corrections
151 3" from top In place of 1997, should be read as 1997,a
151 6th from top In place of 1997, should be read as 1997,b
151 8th from top In place of 1997, should be read as 1997,c
152 4™ from bottom | Journal name should be read as Industrial and
Engineering Chemistry Research
54 9th line from top | Eq (2.23), second term on right hand side did not

include €, It is typing mistake. € should be included in
second term on right hand side.

Name of Journal, Industrial and Engineering Chemistry Research is wrongly typed, as
Industrial Engineering and Chemistry Research should be read as Industrial and

Engineering Chemistry Research.




