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Chapter 1 Introduction

Most chemical processes involve two major oper-
ations, namely chemical reaction and component separa-

ticen. Distillation is one c¢f the most widely used unit

operations for separating components of a mixture. Dis-
tillation can be carried out under steady-state conditions
or under unsteady-state conditions. Furthermore, & chem-
ical reaction may or may not acccmpany distillation.
The combination of these operational modes yields the
following four categories of distillation operations
(1) Steady-State Distillation without Chemical Re-
action
(2) Unsteady-State Distillation without Chemical Re-
action
(3) Steady~State Distillation wiih chemicel Reaction

(4) Unsteady-State Distillaticn with Chemical Reaction

The operation belonging 1o the first category has
bezen almost thoroughly investigated and the chemical en-
gineering literature is full of articles on this subject,
The second cstegory, the unsteady-state distillation

without chemical reaction; has become the subject of many
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investigations during the last
ahility of modern electronic computers as the tcols for

studying the unsteady-state behavior has certainly con-
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tribtuted to the advance in this field. The most com-
prehensive treatment of unsteady-state distillation

without chemical reaction is provided by Holland { 36).

Comparing with the first and second categories,
the technical papers on the subjccts belonging to the
third and fourth categories are so few that they can be
counted on the fingers c¢f both hands. Experimental in-

vestigation of unsteady-state distillation accompanied

)

by chemical reaction started from 2 series of batch
distillation exveriments in a distillaticn column per-
formed by Backhaus in 1621 for esterification cf ethyl
alcohol and acetic acid. Since the theoretical analyseis
cf an-unsteady-svate distilation asccompanied by chemical
reaction, i. e., Category Four, is so difficult that
Othmer in 1943 shifted to a series of experimental in-
vestigations on steady-state reaction-distillation
systems, i. e., Category Three (3,4,17,15,28,19). How-
ever, a theoretical model for a steady~state reaction-
distillation column to treat the experimental results
such as obtained by Othmer was not develeopad until
Marek (45) in 1954 presented a McCzbe-Thiele graphical
method to study the efiect of chemical reaction on dis-

tillation.

A theoretical model for the unsteady-state distil-



lation acccompanied by chemical reaction, i. e., Cate-
gory Feour, nas not been reported in the literature,
Therefore, the purpose of this study is to develop such
a mathematical model and also to cbiain experimental
data which will then be used to demonstrate the appli-
cation of the theoretical model proposed. It is hoped
that this work serves as the first attempt to remove
the last unknown, represented by Category Four, in the
total system of distillation operations. Since the
system to be treated is very complex, this first the-
oretical and experimental study deals with a dis%iln
lation column of a single perfect tray. This approzch
enables a better understanding of the fun@amental con-
cepts and at the same time provides building blocks for

a more complicated column of multiple distillation trays.

Mathematically, methods for solving a steady-state
reaction-distillation system, Categery Three, are much
simpler than those for solving an unsteady-state dis-
tillation system, Category Two. However, thermodynamics,
reaction kinetics and mass transfer problemns involved
in a system of Category Three are much more complicated,
Two different types of reaction are usually associated
in the reaction-distillation systems treated in the liter-
atuce. One of them is the nonpolar hydrocarbon system

represented oy the work of Grayson and Streed in hydro-



cracking gas o0il (25) and the work of Saito in alky-
lating meta-para xylene complex with an aluminum chlo-
ride catalyst (56). The other is the polar system typi-
cally represented by esterifications between alcohols

and carboxylic acids.

It is rather astonishing that a close examination
on all these known reaction-distillation systems in-
cluding the most recent work of Babcock (3), reveals
no fundamental concepts in describing the effects of
chemical reaction on thermooynamic vapor-liguid eguili-
bria, nor the effect of mass transfer on chemical re-

action rate expressions.

According to Hougen, Watson and Ragatz (37), lack
of ideal-solution behavior is attributed to chemical
reaction and to differences in molecular size and polar-
ity among the different components present. Therefore,
the liquid activity coefficients with +the effects of
chemical reaction should be different from those without
the effects of chemical reaction. However, Davies and
Jeffreys (11) correlated a set of van Laar constants
for liquid activity cocefficient from “physical" vapor-
liquid equilibrium data and then applied them into a
system with chemical reacvion, where the reaction can
only occur at the presence of a catalyst (12)., The

term, "“physical" is used to indicate that the equili-



brium data are measured without the effects of chemical
reaction, Therefore, the term "chemical" can be used
to represent the vapor-liquid eguilibrium data measured
with the effects of chemical reaction as well as to
distinguish it from the above-mentioned "physical"
vapor-liguid equilibrium data. The approach made by

these researchers is then not appropriate.
pprop

A correlation of "chemical" vapor-liquid equil-
brium data has been attempted by Hirata and Komatsu (
32,33,34) for esterification between alcohols and car-
boxylic acids. However, the effects of chemical reaction
on vapor-liquid equilibrium data were not mentioned.
Grayson and Streed (25) correlated the vapor-ligquid
equilibria of the reaction products of hydrocracking
gas.oll, but they treated them only frqm the point of
view of “physical" vapor-liquid equilibria. However,
since thair data for the correlation were obtained
from “chemical' wvapor-liquid eguilibrium, their corre-
Jation may be properly reapplied to similar reaction.
systems. Their correlation may be used with care for
a hydrocracking system which differs greatly from the
system used by Grayson and Streed, for example, coal
liguefaction systems., Different reaction systems exert .
different reaction effects on vapor-liquid equilibrium

data.



The Grayson and Streed correlation has exactly the
same framework as that used by the well known Chao and
Seader (9) correlation, which is based on "physical”
vapor-liquid equilibrium data. Therefore, a comparison
between the two correlations may provide some useful
information about the chemical effects. In order to
gain a better understanding of the reaction effects
on vapor-liquid equilibrium, a reaction-distillation
system of esterification between acrylamide sulfate
and. ethyl alcohol is experimentally investigated in

this work.

The major difference between this reaction system
and the previously investigated esterification systems
is that this has a much larger heat of reaction. It
is selected in this work because it is anticipated that
a large heat of reaction may promote the evaporation of
immediately produced volatile compounds,; and thus may
provide some useful information about the rezction
effects on vapor-liquid equilibrium. Correlations will
also be made on the "chemical® vapor-liquid equilibrium
data which are experimentally obtained in. this study.
The data and correlations should be new additions to

chemical engineering literature.

The effects of mass transfer and reaction kinetics

on the distillation with chemical reaction has been



completely ignored by previous authcrs. Therefore,
some fundamental concepts aboul interface mass transfer
with chemical reaction will be incoerporated into the
theoretical model. The application of Hatta's film
theory (28,29,30,31) will be extended to the absorption
cf reactants as well as the evaporation of volatile
products. Since the interface properties such as in-
terface concentration, film thickness, interface area,
etc., can not be measured directly, these effects will

~be correlated as a furiction of operating parameters,

It is found that Holland's recommended methods for
solving Category Two prdblems are not suitable for
solving an unsteady-state distillation problem with
chemical reaction., New techniques are therefors de-~
veloped in this study. Holland's techniques require
three to four initially guessed values for obtaining
convergent solutions for the bubble peint ( or the dew
point ) and the outlet vapor flow rate. The techniques
developed by this study, however, require only one
initially guessed wvalue to cbtain all the convergent

solutions.

Therortical soluticens with respect to different
gystem variables for the mathesmatical model of a semi-
batch distillation accompanied by chemical reaction will

be attempted first. Thelir qualitative characteristics



are analyzed. A good quantitative evaluation of the
theoretical model can be made only if all the values
of system parameters are accurately obtained from ex-
isting experimental data, or predicted from relieble
correlation methods. Approaches for getting all the
required data for a complicated reaction system such
as the one used in this study, are presented and dis-
cussed. Finally, the applicability of the proposed
theoretical model is tested with the experimental

data obtained in this study.



Chapter 2 Literature Survey in the Related Fields

As mentioned in the previous chapter, this study
is the first attempt at developing the mathematical
model of unsteady-state distillation accompanied by
chemical reaction (Category Four), there is no direct
reference nor previous work in the literature which is

related to this subject.

However, the proposed study requires knpwledges in
the following three major fields:
1., Vapor-liquid equilibria in presence of chemical
reaction
2, Effects of mass transfer on reaction rate and vice
versas
3. Mathematical methods for solving the problems cf
unsteady-state distillation.
Therefore, the literature survey has been made for the
above three fields, Since the second item shown above
will be presented in details later in Chapter 4, only
literature on the other two items will be discussed in

this chapter,

2,1 Vapor-Liquid Equilibria Accompanied by Chemical

Reactions
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The "chemical" vapor-liquid equilibria is that
measursd in the presence of chemical resaction., The
conventional "physical®” vapor-liquid equilibria does
not involve any chemical reaction between components of

the mixture.,

There are only two types cf correlations reported
in the literature for "chemical" vapor-liquid equili-
brium data. The first is represented by the Grayson
and Streed correlation (25) which is developed for the
vapor-ligquid equilibrium data of hydrocracking heavy
gas oil, The second type is represented by the Hirata
and Komatsu correlation (32) which is based on the data
of esterification between ethyl alcohol and acetic acid.
The methods of correlations between the two systems
are different because the Grayson-Streed correlation
is for nonpolar hydrocarbon systems while the Hirata
and Kematsu's correlaticn is for polar organic compounds.
However, both methods have a similar basis in correla-
tioen of vapor-ligquid equilibrium data, i.e., the cor-
relation was made from multicomponent vapor-liquid eg-
uilibrium data experimentally obtained,

It is well known that a conventional correlation
for "physical" vapor-liguid equilibrium data of a mul-
ticomponent system starts with the constituent binary

systems and then applies appropriate mixing rules and
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interaction parameters to combine these binary systems

to a multicomponent system. For a system in the presence
ocf chemical reaction, binary vapor-liquid equilibrivm
data for the two reactants can not be obtained.because as
soon as two reactants are mixed, the reaction products
will immediately appear in the system. As reaction pro-
gresses, the molal quantity of a reactant changes from
time to time if it is a batch process. For a continuous
steady-state process a residence time of a reactant changes.
These situations are different from "“physical" vepor-
liquid equilibrium, where combination of wvapor and liquid
molal quantities of a component is always equal to its

original molal quantity.

In order to demonstrate the difference between the
*physical"™ vapor-liguid eyuilibria and the "chemical®
vapor-liquid equilibria, and the difference between the
above two types of “"chemical®” vapor-liquid equilibris,
the work cof Grayson and Streed and that of Hirata and

Komatsu are discussed briefly as follows.

2.1,1 Vapor-Liquid Equilibria Accompanied by Chemical

Reaction for Nonpolar Hydrocarbon Systems

Grayson and Streed employed a steady-state continuous

flow scheme to obtain vapor-liquid equilibrium data of
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the heavy gas o1l hydrocracking system. According to
Grayson and Streed, the hydreocracking conditions must

be at temperatures above 6C0 °F and presure above 1000
psia (25). Although their equilibrium data are obtained
in the presence of chemical reactions, they treated them
as "physical" vapor-liquid equilibrium data by utilizing
the framework of the well known Chao and Seader cor-
relation (9). The Chao and Seader correlation is devel- .
oped from the vapor-liquid equilibrium data of hydrogen
and pure hydrocarhons. However, the hydrocarbon mix-
tures used by Grayson and Streed are the products obtained
from hydrocracking heavy gas oil at different reaction con-
versions, Since the {two correlations have the same frame-—
wofk, the difference between the two correlations wnay
provide useful information on the effects of chewmical
reactions on the vapor-liquid equilibrium. Before com-
paring for the difference between the two correlations,

it is necessary to present briefly the correlation me-

thods employed by the above researchers,

Under the framework of Chao and Seader, cr Grayson
and Streed, the vapor-liquid eguilibrium ratio, herein
defined as équilibrium K-vaiue feor convenience, is cal-

culated through a combination of three factors:

_ _mTy
K = Y/x = "(P"“"“'i (2-1)



vhere

fugacity coefficient of component i in the

A
it

liguid phase

’Yi.z activity coefficient of component i in the
liquid phase

¢3 = vapor fugacity cosfficient of component i

in the vapor mixture.

The quantity j/g is a well-defined thermodynamic
propefty under conditions where the component actually
exists as a liquid. At conditions where the component
cannot exist as a pure liquid but is dissolved in the
liquid phase of a system, the quantity _yg becomes hy- .
pothetical., This hypothetical region exists when the
system temperature is above the critical temperature
of the component or when the system pressure is below
the vapor pressure of the component. A liquid fugacity
coefficient correlation for this hypothetical region
in addition to the existing subcritical region was first
developed by Chao and Seader from experimental "physical®
vapor-liquid equilibrium data at moderate tempexratures,
i.e., the reduced temperatures of from 0.5 to 1.3 or tem-
peratures from ~100 °p to 500 °F as cited in their paper
(9)., Their correlations give an average error of 8.7 %

for 2696 gdata points,

Grayson and Streed enployed the same correlation
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methods to cerrelate their high temperature “chemical®
vapor-liquid equilibrium data in addition to¢ the Chao
and Seader's low temperature data. The average error of

their correlation is 7.0 %.

Determination of the liquid fugacity coefficient in-

volves solving Equation (2-1) in the form:

Ko ¢. ’
o _ "iYi -
yi umjrz——- : (2-12a)

As mentioned previously, Ki are experimental data, so
)/i can be calculated only when ¢3 and"‘fi can be deter-
mined by cther methods. The above authors computed qbi
from the Redlich-Kwong correlation (54) and ﬁi from

the Hildebrand correlation (37). The Redlich-Kwong
equation requires only two constants for each component.

They are critical temperature, T and critical pressvre,

C.
1

Pc.' Any two-constant equation of state cannot be expected
i

to yield great accuracy. Therefere, usage of the Chao
and Seader correlation is limited to the following con-
ditions:
Pressuress up to 2000 psia
Temperatures:
Hydrogen and Methane: -100 to 500 °F
All hydrocarbons
} $ Tr = 0.5 to 1.3

except methane

Hildebrand correlation for liquid activity coefficient
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is derived from the regular solution theory (37). Accord-
ing to the regular solution theory, the activity coeffi-

cient of compornent i in a multicomponent mixture is given
by - & S 2
InA, =v;( 4 - 6)/re (2-4)

where vy is the liquid molar volume, 51 is the solubility
parameter ( the square root of the cohesive energy density),
and g is the volume-fraction average solubility parametsr
for the soclution.

Since regular solutions are characterized by the absence
of any specific physical interactions between molecules,
the theory should apply only to solutions of nonionic, ncu-
polar, or slightly polar molecules. According to Hougern,
Watson and Ragatz(37), liquid activity coefficient is affectaed
by molecular size and polarity as well as chemical reaction.
Therefore, this theory does not apply to a system which in-
volves any chemical interactions in producing new moleculec
from reactant molecules, Simply using the regular solu-
tion theory to estimate liquid éctivity coefficient for
the reaction system of hydrocracking of heavy gas o0il does
not take into the account of the effects of chemical re-
action on liquid activity coefficient., However, the cal-
culated liquid fugacity coefficient, ﬂg uzing the Grayson—
Streed "chemical®" vapor-liquid equilibrium data and Equatiocn

(2-1a) includes the effects of chemical reaction. After

the liquid fugacity coefficients Vg are calculated



1=
(Y

from Equation (2-l1a) based on the experimental data, they
are then correlated within the frame work of Pitzer's modi-
fied form of the principle of corresponding states,

Accordingly, wo

3 is given by

log yg = log }}2)+ W leg )A%) (2_5)
The first term on the right-hand side gives the fugacity
coefficient of simple fluids characterized by a zero
value of the acentric factor. The second term accounts
for departure of properties of real fluids from those of
the simple fluids. A
The two quantities _)#O)and )fl) are dependent
only on reduced temperature and reduced pressure. They
are fitted with approximating functions. The quantizty
(0)
i

is given by

2
T, + ALTL +(A +

Log J§) = ag + Ay o w AT ATy

Agl. + A T SIP. +(Ag + A9Tr)Pr - log P,

(2-6)
where A through A9 are empirically fitted constants.
1
);i)

The quantity is given by

log )é1)= ~4.23898 + 8.65808 T - 1.2206/T_ - 3.15224
3 be
Tr - OoOZS‘Pr - 0006) (2"?)
The coefficients in Equation (2-6) for the Chao and
Seader correlation are different from those for the
Graysecn and Streed correlation, while Eguation (2-7)

is applicable to both correlations except that Tr



nust be get egual to unity whenever it exceeds one for
the Grayson and Streed correlation. The constants for
Eguation (2-6) for the two correlaticns are given in

Appendix AG1l.

The "chemical" vapor-liguid equilibrium data by
Crayson and Streed were obfained at temperatures greater
than the upper temperature limits of the Chac-Seader
correlation, and at pressures from 1000 psia to 3000
psia. The suitable checking points to compare the two
correlations are then at temperatures close to 500 Op
or the reduced temperature of 1.3, and al pressures be-
tween 1000 psia and 2000 psia. As the twe correlaticns
for C2+ hydrocarbons are generalized functions, a pro-
perly selected compound can be used to represent the
general behavier of the two correlations. It is found

that icobutane is an appropriate compound because at

500 °F, it has a reduced temperature very clcse to 1.3.

For hydrogen and methane, both correlations are
obtained on the basis that the acentric factors fecr
the two components are equal to zero., Each of the two
compenents has its individual cbnstants for Equation
(2-6). Thus, the comparisons are made for the three

compounds, namely hydrogen, methane and isobutane.

Table 2,1 lists the comparison between the two
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correlations for the liquid fugacity coefficientc, );g,

of hydrogen, methane and isobutane at 500 °F.

Table 2,1 Comparison of Liquid Fugacities determined
by (C~S) Correlation and the Grayson Streed
Correlation for Pgat 500 QF for Hydrogen,
Methane and Isobutane

at 1000 péia' at 2000 psia

C-S G-S % Dev. C-S- G-S % Dev,

Hydrogen 4.3 500 16 2.5 2.8 12
Methane 3.05 5.0 64 1.51 2.75 806 .
Isobutane 0,626 1.02 63 0.265 Q.68 157

Small deviaticn between the two correlations is cbserved
for hydrogen. However, for methane and isobutane, the
Grayson-Streed correlation gives much higher liguid fue-
gacity coefficients than those by the Chao-Seader corre-
lation. For an even clearer illustration of these dis-
crepancies, the liquid fugacity coefficients for methane
at 1000 psia and 2000 psia are plotted as a function

of temperature and shown in Fig. 2.1,

As mentioned previously, the Grayson-Streed correla-
tion is obtdined on the basis of Both their own high
temperature data and the Chao and Seader low temperature

data. Therefore, it is natural that thes {two correlations
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have good agreements at low témperature. However, at
higher temperatures near the upper limit of the Chao-
Seader correlation, yg calculated by Grayson and Streed
cerrelation is appreciably higher than that obtained by the
Chao~Seader correlation, implying a positive effect of
chemical reaction on the vapor-ligquid equilibrium K-values
for methane. Further discussion on this positive effect
of chemical reaction on the vapcr-liquid equilibrium
K-values will be presented later in Chapter 6 along with

the experimental results obtained by this work.

" 2.1.2 Vapor-Liquid Equilibria Accompanied by Chenical

Reaction for Polar System

The other available correlation fer “chemical®
vapor-liquid equilibria was reported by Hirata and Komatsu
(32) in 1966 for the following esterification reaction

between ethyl alcohol and acetic acid:

CHBCOOH + CZHSOH p— HZO + CH COOCZH

3 5 (2-8)

Their experiments were performed in an Othmer Still at
atmospheric pressure. Thus, their system is a batch pro-
cess, Like the conventional measurement for “physical"
vapor-liquid equilibrium data, a vapor sample is obtained
as condensate by using a small overhead condenser while

the liquid sample is directly obtained from the liquid



Lholdup. When a vapor sample is not taken, the vapor con-

densate is returned to the liquid holdup as a reflux stream.

This technigque is good for measurement c¢f "physical®
vapor-liquid equilibrium data because of the continuous
refluxing which cnables both the ligquid and vapor compdsi-
tions to reach at their steady-state values as well ag to
be in equilibrium. However, for obtaining "chemical®
vapor-liquid equilibrium data, this technique reguires
a special attention because the liquid compcsition changes
continucusly until chemical equilibrium is reached. The
vapor sample in the condensate trap is actually in equili.
briuwm with the liquid mixture of sometime ago when ths
condensed vapor just left the liquid surface. In other
words, there is a time lag between vapor sampling and
liquid sampling. If the heat flux of the Othmer Still
is small, the vapor flow rate will be small which induces
a2 large time lag between the vapor sample and the liquid
sample obtained. This time-inconsistent-vapor and liquid
samples will, of course, give erroneus results. In general,
the faster the reaction or the smaller the vapor flow rate,
the greater the effects of the time lag. Since the heat
flux to their Othmer Still was not given, and since con-
sideraticn of reaction kinetics was not made in their
paper, it is impossible to check the effect of time lag

on their vapor-liquid equilibrium data.
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In a batch “chemical® vapor-liquid equilibrium

system, the liquid composition changes continuously
as the reaction proceeds. Thus, the bubble point of the
liquid mixture also varies as a function of time at
isobaric operation. The instantaneous reaction rate of
the system depends not only on the concentrations of
reactan*ts but also on the temperature. A conventional
batch measurement of reaction rate in the liquid phase
can be made isothermally at a subcooled temperature.

¥ a subcooled temperature, an isothermal condition may
be mechanically contrclled by adding heat into or removing
heat from the system. However, in a “chemical® wvapor-
liquid equilibrium system, femperature varies as the
composition is changed by chemical reaction. Thermal
control over a boiling reaction system can change the
vapor flow rate but can not adjust the liquid composition
to reach the exactly desired bubble ?oint of a batch

mixture,

In correlating their “chemical" vapor-liquid equili-
brium data, Hirata and Komatsu did not use standard ther-
modynamic procedures such as the van Laar Equation, the
Margules equation, etc., for liquid acfivity coefficient
for polar organic compounds. Instead, for the least
volatile component, acetic acid, they correlate its

‘K-value as a linear function of the bubble point:
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= 0,0225 t - 1,666, +t>74 °C

2]
!

0.001, t<74% °C - (2-9)

where t is the bubble point in °C. The above equation
implies that the K-value of acetic acid is not sensitive

to the variation in the liquid composition.

For the other three volatile components, ethyl al-
cohol, water and ethyl acetate, their K-values are ex-
perimentally proven to be dependent on both temperature

and liquid composition in a peculiar way,

The measured instantaneous *chemical® vapor-liquid
equilibrium K-values for the three volatile components
are all linearly proportional to the reciprocal of the
absolute temperature of the instantaneously measured
liquid bubble point. The initial compesition of a mixture
must satisfy the hypothetical zero conversion which means
that at least one product, water or ethyl acetate, should not
be present initially. Moreover, their results show that
slopes for the these linear equations are same not only
for all zero hypothetical conversions but also for all
three volatile components. The correlating equation for
the K-values of ethyl alcohol, water and ethyl acetate
can then be given as follows:

log K, = - 2290 4+ B, (2-10)

where B, is only a function of the initial composition of a
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volatile component, For example, for a mixture of which
the initial liguid composition is:

Xy (acetic acid) = 0.49

X, (ethyl alcohol) = 0.44

X4 (water) =0.07

X, (ethyl acetate) Oe

the corresponding Bi's are

B, = 6.492
B3 = 6,438
BL{’ = 6.70"‘,' .

Each calculated Bi is then plotted as a function of

liquid mole fraction. ' For example, Bz is plot—

ted as_a function of X, for each constant %y for

all the experimental runs with x3=0. Such plots can

be seen very arbitrary because B2 can also be plotted

as a function of any combinations of Xy Xoo x3 and Xy e
Furthermore, to convert such a graphical representation into
‘a computer program, requires tedious cufve fittings and
interpolations between any two constant xi‘s. There-

fore, the correlation used by these authcurs feor K

2 K

3

and K4 are impractical for computer application.

In this study, the reaction system is also -composed
of polar compounds .  However, a different method based

on the standard thermodynawmic procedures will be used %o~

-
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coerrelate the vapor-liguid equilibrium data. The de-

tails are discussed in Chapter €.

2.2 Unsfeady-State Distillation

The beginning of the quantitative analysis of the.
unsteady-state operation of a distillation column was
marked by the work of Marshall and Pigford in 1947 (47),
who formulated the differential equations that describe
" the transient behavier of a plate of a distillation
column, These authors demoﬁstrated the use of Laplace
transforms for solving various {ypes of distillation
problems. The following simplifying assumptions were
made in order to obtain ahalytical solutions.

(1) linear vapor-liquid equilibrium relationship
of the form y=mx+b, vhere m and b depend only
upon the identity of a compcnent

(2) total 1liguid and vapor flcw rates are independent
of time

(3) 1liquid holdup on a tray is independent of time

(&) vapor holdup is negligible

(5) a complete liquid mixing on a tray

(6) a binary systen

In 1950, Lapidus and Amundson (40) extended the
method of Marshall and Pigiord to obtain transient re-

sponse of an absorber. A single volatile component was
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transferred between two inert phases. The carrier
liquid phase was taken to be nonvolatile and the carrier
gas was taken to be inscluble in the liquid phase. - Also,
a linear equilibrium relationship that was independent
of temperature was employed, Later in 1953, Acrivos

and Amundson (1) obtained solutions to this same problem
by use of an analog computer. In addition to linear
equilibrium relationships, they alsc employed nonlinear
equilibrium relafionship for their analog computer sinu-

lation.

Since then many workers had proposed different methuds
for solving various types of distillation problems, but
the number of assumptions made above were not reduced
until 1964 when Waggoner applied a combined scheme of
the Thiele and Geddes method with Holland's § method of

convergence (59j.

In Waggoner's method, any type of vapor-liquid equi-
librium relationship can be used and the total molal va-
por or the tetal liguid flow rate is not necessary to be
constant, The variation of total flow rates reflects the
effect of the energy balance on each tray representing a
more realistic situation. However; the following sim-
plified assumptions are still required:

(1) Constant liquid holdup
(2) Negligible vapor holdup
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(3) Y, = Kyxg for an ideal tray
- o -
Yi = EiKixi for a non-ideal tray

where E? = vapor tray efficiency as defined by Holland,

In 1966, Holland compiled mzjor unsteady-state dis-
tillation problems in his texbook (36) and recommended
the uses of an implicit method for integration and his §
methoed for convergence, Since his method is the most
general approach for solving an unsteady-state distilla-
tion problem, it is briefly reviewed here. It is noted,
however, that the problems treated by him are the dis-

tillation in absence of chemical reaction.

A system of unsteady-state distillation with the

above three assumpticns can be illustrated by Fig. 2.2.

hs 1N, PiLIn Vi,our, i,our
T, M,
1 /’VQL
hS
; i
\d
hy our, ILi,our Vi,in, Hi,In

Fige. 2.2, Holland's Model for Unsteady-State

Distillation
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The unsteady-state component material balance equation

can be represented by Equation (2-11)

'Rate of
Accunulation

of lMass in

=L

(Liquid Holdup)

where

=
]

holdup

The overall material balance is written as

am -
at

[ Rate of )
Accunulation
of total

Iass In the

‘Liquid Holdup)

i, IN
(Inlet )
Liquid

Flow

\Rate

(Total )
Inlet
Liquid
Flow

(Rate

/

+

V i ) IN'

(Inlet)
vapor

Flow

(Rate |

i=1, ~»

number of components

L, our

(Outlet)
Liquid

Flow

~Rate

y N

molal liquid flow rate for component i

molal vapor flow rate for component i

Vi, our,

[ Outlet)
- Vapor

Flow

 Rate

{2-11)

molal quantity of component i in the liquid

(Total ]
Outlet
Vapor

Flow

(Rate |

(2-12)
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where
Liy = Total liquid inlet molal flow rate
Viy = Total vapor inlet molal flow rate
Loyp = Total liquid outlet molal flow rate
Vg~ Total vapor outlet molal flow rate

. n : . .
M= Mi = Total molal liquid holdup on the tray
i=1 :

In his applications, Holland assumed that the liquid
holdup ( either molal or volumetric ) is constant.
If taking constant molal holdup case.as example, -the £erm,
aM/dt, is equal to zero, and Equation (2-12) is reduced %o

Lw * Vi =~ Tour = Vour = © - (213

The unsteady-state overall energy balance can be

expressed by

E%"’[Mhsj = Iivin * VinPn - LeurPour
(Rate of ) 'Rate of Inlet) ([Rate of] [Rate of]
{Accumulation Energy Inlet Outlet-

of Energy = lwith + | Energy Energy

in the Inlet Liquid with with
| System J | Flow J Inlet ,- Outlet
| Vapor Liquid
(Flow | |Flow

“Vourtlour -y (2-14)



(Rate of Out-) (Rate of |
let Energy Heat Loss
T |with Outlet " [to the
(Vapor Flow | (Surrounding,
where:
hpy = Inlet liquid enthalpy per mole
hOUT = Outlet.liquid enthalpy per mole
) Hiy = Inlet vapor enthalpy per mole
hg = Enthalpy of holdup on the tray (assuming

negiigible vapor holdup) per mole

QL Net heat transfer rate from the system to
the surrounding

It is noted that no heat 6f solution is conusidered
in Holland's model. No analytical methods have been
available for solving an unsteady-state distillation,
with variable total flow rates and exact vapor-liquid
relationships. Thus, they have been solved by numerical
methods.

According to Holland, the following numerical
methods can be applied to solve an unsteady-state dis-
tillation problem. They may be divided into three
general classes:

(1) Predictor methods

(a) Euler's method

(b) Runge— Kutta method
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(2) Predictor-Corrector Method

(a) Two-points Formulas

(b) Hilne's Methods

b.J. Milne's Method I (Three-point Formulas)

be2., Milne's Method II (Five-point Formulas)
(3) Implicit and Corrector Methods

(a) Implicit Methods

(b) Corrector Methods

Detailed discussions on the above methods are
given in Holland's book (36). Since this study deals
with an unsteady-state distillation accompanied by chemical
reaction for a single distillation tray, the following
discussion will be limited to Holland's method for a
single distillation tray without chemical reaction.,

His method will be compared later to the methods developed
by this work,

Since there are no differential equations which can
represent the outlet vapor rate, VOUT’ and the systenm
temperature, T, these two quantities are solved by trial-
and-error for each integration step. Holland's method
employs two 8's for such an unsteady-state distillation

system, They are defined as follows,

( i, 0ur oucn) s ( 1,0UT) (2-15)
1 ouT i,0U0T7ca



M. M
l -
<V. . ) = QOG. ) (2—16)
where
( )ca tcalculated value
( )co ¢ corrected value after multiplication

of @'s
@-1 ana 60 are two assumed values, Iethods of selecting
these two @°'s for convergent solutions will be discussed
later in this section. The formulation for the two
calculated quantities, (Li,OUT/Vi,OUT)ca and (Mi/vi,OUT)ca’
shown in the above two equations is discussed first as
fcllows.

Phe integrated form of Equation (2-11) can be

expressed by

£+ A%
j (Lg o * Vi, v = 4,001 - Vi, our)dt
tn
=M, ' - M,
1 1
t + a4t t, (2-17)

If the integration is approximated by the implicit method,

as recemmended by Holland, Equation (2-17) is reduced to

0 0O .0
Liyan * Vi,on © Bi,our ~ Vi,our Yo vt Vi, e - B, our
0 S o
- Viour) " ar( My - M)

which may be solved for Vi.OUT toAglve
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Vi, our =‘{Li.IN * Vi, +o8 o+ Ve, - U, our
V3, cun) * (Mg/vi,OUT)} //{ 1+ Ty gue/Vy, oun)
+ (1/u at) (Mi/Vi,OUT)} (2-18)
where |
M = multiplier for the implicit method (0<4LL1)

At = size of an integi‘ation step

(1-4) /0

time at the end of nth integration step

o

Ty

By the definitions, the following relationships can be

established.

L X. L L

i,0UT _ Zi“oUT _ OUT | (2-19)
Yijour  YiYour XiVour

and
Mi _ xiM _ M » (2-20)
Visour YiVour XiVour '
where
X3 = liquid mole fraction of component i
y; = vapor mole fraction of component i

K. yi/xi = vaporéliquid equilibrium ratio of com-

ponent 1

It is noted that only an ideal tray will be discussed
here, {therefore the vaporization efficiency Eg is set

t0 unity. For an assumed outlet vapcor flow rate, (VOUT)a
»



the corresponding assumed ocutlet liquid flow rate,

(L , can be calculated from Equation (2-13).

ouUT’a
Substituting Equations (2-19) and (2-20), and the above
two assumed values into Egquation (2-18) gives the cal-
culated outlet vapor flow rate of compenent i as followss

VO

v i, IN

i,00T)ca = {'Li,IN Vo oTE oy
- L3 our - V3, 0un) * (Mg/b‘Atl}
/ {1 + (Toyp/Voyp)a (17K +
(1/pat) (M/VOUT)a(l/Ki)'} (2-21)
The corresponding'values of Li.OUT and Mi can be cal-

culated by use of the following relationships, after

(Vi.OUT)ca has been determined.

Li,our = Vi,ourti (2~22)

My = (/Loge)Ls our (2-23)
where

A = LOUT/Ki = absorption factor (2-24)

The above calculated values can now be used to determine

the two corrected molal ratios, (“i,OUT/Vi,OUT)co and

(Mi/Vi,OUT)CO. by Equations (2-15) and (2-16), If these
two molal ratics are substituted into Equation (2-18),

a corresponaing corrected outlet vapor flow rate,

(Vi,OUT)co can be calculated. If Equations (2-15) and



(2-16) are substituted into Equation (2—18)}-the

corrected value, (V,

i OUT)CO’ can then be directly
9

expressed as a function of all the calculated values
determined from Equations (2-21) through (2-24) as
follows,

_ o 40 _ 10
i,000co = {Li,IN + Vi, vt olhf v * Vi, v - By, our

- Vg,ouco) + (M‘i’/,uzst)} /{_1 +

(Vv

6.1, our/Vi,0ur) ca * @o(1/4at)(

Again, the corrected Li and Mi can be determnined

, OUT 7
from Equations (2-22) and (2-23). These corrected values,

(v (L.

3. 0upleo @nd (M;), , can be considered as
’

i.OUT)co’ i’co

convergent solutions if and only if they can satisfy the
criteria for a specified set of operating conditions.

If the operating pressure is assumed to be constant
throughout an unsteady-state operation, the criterion
for a convergent solution is established on the basis

of temperature requirement. The criterion can be an

isothermal or a nonisothermal operation.

a. Isothermal Distillation Tray

There are two @'s to be determined. Therefore,
two ecriteria are required for testing convergent solu-

tiohs. For an isothermal distillation tray, the first



criterion is that the vapor leéves at its dew point,
which is constant throughout an unsteady-state opera- -
tion. Mathematically, this criterion can be represented
by

n
= Va0 oo s

=1 (2-26)

n
=, Vi, 0ur’co

The second criterion is that the summation of all the
corrected molal guantities of individual component in
the liquid hold-up must be equal tc the specified consiant

total holdups _
(Mi%o = M

M=

; (2-27)

i
Define the difference between both sides of Equation'
(2-26) as
(8_; B0= B (V. qupdeo | 1- =
€-119-1, Yo7 &M, 0unc0 Ky (2-28)

and that of Equation (2-27) as
i=

The two O's having convergent solutions are then the

values which can satisfy .4 = 8, = 0y simultaneously.

The values of 0 -1 @nd 60 are found by use of the Newton-
Raphson Method. In this method, the following equations

are solved repeatedly for 6 _; and 90 until a set of

values for 9 -1 and'éao of the dersired accuracy is obtained,

oE.
__;\..._]_‘._AQ_I‘ + g"'l
oF .1 o0

g1 * 20, =0 (2-30)

o
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égo ’ ag
-—--AB 2-31

where
‘58,1 = *9-44241 - 6_1’2 and z denotes the trial number,

and

Aeo = 8o,z-f-l - Qo,z

To initiate the calculaticnal procedure, three
values must be assumed by utilizing Holland's method.
They are Vg ns @_1 and 80. For every assumed value of
VOUT; there is a corresponding value of LOUT found by
Equation (2-13) to giQe (LOUT/VOUT%i' Then, the corres-
ponding values of (Li,OUT/Vi,OUT)ca and (mi/Vi’OUT)Ca
are found by use of Equations (2-15) and (2-17). These
quantities are held fixed at these values throughout
the succession of trials required to find the §'s for
the given time period. Let e-l,z and ao,z be the two
8's at the iteration number equal to z, The functions
g_4 and g, and their derivatives are then evaluated at

this iteration step. The partial cderivatives may be

evaluated at the assumed set (6 1,z, ) by use of
e ]

o Z
analytical expressions for these quantities. For

example,

ag-l n o
36, - TiT £, (5, OUT/V:L our)ca. [Li,IN *V5,on Y Oy oy

0 0 0 | 0
+ V9 1y = V2 our = L9 gn) + 1/ wstl/
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{’j* 01, 0u2/Vs, ourdca *_90;’[(1-//‘_’"“) (Mi/vi.OUT)ca]}

(2-32)

After 8;1 and 90 have been determined, the §'s to be

assumed Jor the next trial are given by
G.1,241 = 61,2 *46_; (2-33)

90,24-1 =60'z +‘5@0 ‘ :{2-34)

The above procedures are repeated until |g_,;| and lgog
are both ‘less than allowable error limits.. The finally
corrected values of Vi,OUT' Li,OUT and Mi are then the
convergent solutions for this integration step. These
convergent solutions become the initial conditions of
the next integration step. Solutions for the neit
integration step can be obtained by following exactly
the same trial-and-error procedures stated above,

The solution for an unsteady-state isothermal
distillation has been discussed as above. Now, let's

discuss the case for a nonisothermal distillation tray.

b. RNonisothermal Distillation Tray

For a nonisothermal distillation tray two criteria
are also required for convergent sclution because the same
two §'s are unknowns. One of the two criteria is the same

as Eguation (2-23) and repeated as follows:
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€o ( e-l. 90) = iél (Mi)co - M (2-23)

The other must be setup from the energy balancngquation
(2—1&)'be6ause-temperature is an unknown. In an integrated

tion form, Equation (2-14) can be expressed as
tn+bt

J (Lpyboy * Vofton = Tourlour ~ Vourfour ~9pldt
£

= Mh - Mhsl
t +at t,
Vhen the integral appearing on the left-hand side of this

equation is approximated by use of the implicit method,

the following result is obtained,

hd p < 4 T T r o D 0
(Lpybon + Vofion = LourPour — Vourtour = 9p) *O[Iinhix
O 0 [o] (o] [s)
+ V23T - Loyehdur = Vourtour - op ]
2 fin_ M°h°] (2-35)
,uat S .

The instantaneous temperature of the system is then the

temperaturé that can satiéfy the above energy balance

equation. Let g_; ( 8_; §,) be the difference between
- =d-g

both sides of Equation (2-35) with outlet vapor and liguid

rates expressed as corrected values of (VOUT) and (LOUT)co
Then,
g.1( 6.1, 8 = Lyyhyy + Voloy = Coyp)eobour = Vour) o
(o] 0 0 (0] [v] (o]
Hour = 9 *+ o (L3S + Y3Hly - LouzGur - Vourtour
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- Qg} - ZZ«%E [mhé - M°n‘s’] | (2-36)

The two corrected values, (V and (L can be

vt co our) co
calculated by following exactly the same procedures as
those used for the isothermal case as described previously.
The system temperature at the elapsed time of an integra-

tion step is then obtained by trial-and-error until the

following criterion is satisfied.
‘g-l( 9_1 8,) = 0. . (2-37)
| ]
The trial-and-error procedures are described below.

For an assumed set of Q_i,é%, VOUT and T, there

are the corresponding set of (M.l)co and (Vi OUT)CO
'y °
The corrected vapor and liquid mole fractions can then

be determined by the following definitions:

(1.)

i’co N
(%3000 = 7 (2-38)
and
( ) = (vi, OUT)CO
Yi’co (2-39)

AY
Z(Vi,OUTico

From these cocrrected vapor-liqﬁid relationships, a
corresponding temperature can then be determined from

the vapor-liguid equilibrium relationship of the system,
This newly determined temperature becomes.the assumed tem-

perature for the next trial-and-error calculations., As soon

as two convergent- g's are found, the latest (VOUT)co
v



(M. )

i‘co
solutions for this integration step for a nonisothermal

and assumed temperature become the convergent

operation, If the heat loss term, QL is zero, the
nonisothermal distillation tray is reduced to an adiabatic
distillation tray; For an unsteady-state adiabatic dis-
tillation tray, its criteria of convergence and the me-
thod of solution are exactly the same as those for an
unsteady-state nonisothermal distillation tray as pre-

sented here,

Although Helland's O methed is applicable for solving
an unsteady-state distillation without chemical reazction,
it can not be used to solve a general problem of unstezdy-~
state distillation accompanied by chemical reactions,
According to Equation (2-18), the basic concept of Holland's
method is to obtain vapor-liquid molal ratio for each
component éo that the © method can be used according to
the definitions of Equaticns (2-15) and (2-16), In order
to obtain such a molal ratio, all the molal quantities

which are dependent variables must be liner. Otherwise,

. n m
a form of MiMj (L gup! Op(r“i) will be ob-
i ’ 1 ]
Vi,oor Vi, our Vi, ouT

tained, where n and m are integers unequal to unity,

and i and j are different component idenitity numbers.
The above nonlinear forms are some of the possible reac-
tion rate terms. Therefore, only unsteady-state dis-

tillation sycstem with first-order reaction can be solved
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by the ¢ method. However, all the knovn practical dis-
tillation accompanied by chemical reaction systems

have reaction orders equal to twd or higher and Holland's
g method is then not applicable, In Chapter 4 a new

method is developed to solve a general problém of un-
steady~state distillation accompanied by chemical

reaction. Furthermore, Holland's ©method requires four
initially guessed values. They are outlet vapor flow

rate, VOUT’ temperature, T, © o and © -1 The new me-

thod developed here will require only one initially guessed

value, which is the outlet vapor flow rate, VOUT‘



Chapter 3 Mathematic Model for Unsteady-State

Distillation with Chemical Reaction

3.1 General Mathematic lModel for Unsteady-State

Distillation with Chemical Reaction

As discussed earlier Holland ( 36 ) has made an
intensive investigation on unsteady-state distillation.
However, his study has limited to those systems where
no chemical reaction takes place. Therefore, it is
believed that lhis study is the first attempt to de-
velop a general mathematic model for unséeady~state

distillation accompanied by chemical reaction.

A system cof unsteady-state distillation accon-
ranied by chemical reaction is best illustrated by

Figu 3.].'
V. . L. IN
i,0UT 1,

H hIN

Ri T /’VQ

e L
A
Ml ("‘AHR)
Vi, IN Ls, our
Hiy Doy

Fige 3.1 Material and Energy Balance Around a

Distillation Tray with Chemical Reactions
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The following assumptions are made for developing
the mathematic model.
(1) The liguid phase is completely mixed,
(2) The vapor holdup on the tray is negligibly
small,
(3) The reactions occur only in the liquid film

or ‘the bulkphase liquid.,

The unsteady-state material balance for component

i can be expressed as

___.._Zlfi = Li,1n *oVi,mn L4, oup
, N 4 3 , N . N
Rate of Inlet Inlet Outlet .
Accunulation = | Liquid + | Vapor - | -Liquid
of Mass in Flow Flow Flcw
| Liquid Holdup | | Rate | _ Rate | Rate |
- Vi,OUT + VR;
( Outlet IR ’Net Rate of Mass \
-| Vapor | + | Generated by
Flow Chemical Reactions
_ Rate ) ) ‘

i=l,ee0,n (3-1)
where '

n =znumber of components



net rate of component i produced

. and/or consumed by reaction

i

holdup

Total vclume of liquid holdup.

molal liquid flow rate for component i

molal vapor flow rate for component i

Molal quantity of component i in the liquid

The overall material balance can be written as

dM

at .
( Rate of
Accumulation
of Total lIass

in the Liquid

\Holdup )

/

where

Ly

—
—

]

Ly

. .
Total
Inlet

Flow
Rate

N

Vour
Total ‘
Outlet
Vapor
Flow
Rate

Ligquid

\

-+

o~

o+

4

v

IN

”

Total
Inlet
Vepor
Flow

Rate \

n

ve R

i=1
Total Net

i

Rate of llass

Generated

by Chemical

LReactions

Lour
Total
Outlet
Ligquid
Flow

Rate

Le

(3-2)

=Total liquid inlet rate, molal quantity



LOUT = Total liquid outlet rate, molal quantity

VIN = Total vapor inlet rate, molal quantity

VOUT = Total vapor outlet rate, molal quantity
n

M = = Mi' Total molal holdup on the tray
i=1

n

Z R, = Total net rate of mass produced and/or

i=1

consumed by chemical reactions

Holland (36) assumed that all the trays have constant
holdup, implying that dM/dt is equal to zero for a constant
molal holdup, or zMi/ j;i is a fixed value,where j-’i is molal
liguid density, for a constant volumetric hcldup. However,
the Holland assumption is not necessariiy valid for the
problem iin hands where chemical reactions occur. Thus,
for the present develdpment a more realistic postulation

of the liquid holdup being a time-dependent funztion is

adopted.

The unsteady-state cverall energy balance can be

expressed as follows:

d ,
T Mhg = Loyhiy * Vintin

(Rate of ] (Rete of ] Rate of ‘
Accumulétion Inlet Inlet

of Energy = |Energy + |Energy

in the | with Inlet with Vapor

§ystem J Liquid Flowv Flow




= Loyrhour = Vourt

OuT " ouT
Rate of ) {Rate of |
Cutlet Outlet
- - Energy - |Energy
with Liquid| |with Vapor
Flow J L?low )
n
o i ngj(-AHR’j) (3-3)
(Rate of ) (Rate of ‘
Heat Loss Heat
-1to the + |Generated
Surrounding) hpy Reaction’

~

where: 7
hIN =Inlet liquid enthalpy
hOUT =0ut ;iquid enthalpy

HIN =Inlet vapor enthalpy
HOUT =0Qutlet vapor enthalpy
hs =Enthalpy of holdup on the tray

( assuming negligible vapor holdup)
QL =Net heat transfer rate form the system to

the surrounding

Rj =Rate of reaction for reaction j

-alp 5-= heat of reaction .of Reaction j
sy

Nr =Number of reactions

It is noted that heat of solution is assumed negligible
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and thus not shown in the above eguation. All the enth-
alpy terms shown above represent the molal enthalpies
for the mixture.

The rate of accumulation of energy, i.e, the left—
hand side of Equation (4-3), can be rewritten in terms

of temperature change as follows,

a AN dh, dT
_....(Mhs) = hs + M
dt at dT 4% (3-4)

Since the term dhs/dT is equivalent to heat capacity

Cp at temperature T, Equation (3-4) can now be rewritten

as
a(ih.) amM aT
s
B = D e 4 G-
at at P gy (3-5)
wheres

T is the temperature of liquid hecldup. Eguation

(3-5) is substituted into Egquation (3-3), and the term

h S~ shifted to the right-hand side of the equaticn.
dt

The temerature change with time can then be expressed as

ar
R Fyaly Lt + Volon = ZourPour = Vourtour
‘ ' n, ( X dM
-Q +§;:R- —AH .,“'h-—"
L 55 Bed” T8gy
(3-6)

Equation (3-2) is introduced £0 Equation (3-6) and a

proper algebreaic¢ rearrangement will yield the following
arl

equation where the ~— disappers.
dt
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ar 1
IV e, [LINhIN * Yontin - YourPour - Vourtour
i n
"9t ?éiij'A}ﬂhj) = hg(Tpy * Vin - Lour -
n
Vourp * V;EiRi)] T (3-7)

Thus, the unsteady-state distillation accompanied
by chemical reaction can be mathematically formulated
into BEquations (3-1), (3-2), and (3-7). It should be
noted that since the liquid on the tray is agsumed %o
be completely mixed, the variation of local tenpsra-
tures and concentrations within the liguid bulk is
considered to be negligible, The proposed general mo-
del, i. e., Equations (3-1), (3-2), and (3-~7) are the
basic working equations from which analytical or nu.-
merical solutions can be obtained for a given specific

reaction-distillation system.

3.2 Unsteady-State Distillation withcout Chemical Reac-

tion (Category Two Problems).

In the case, the distillation is not accompanied
by chemical reacticn, the reaction terms in Equation
(3-1), (3-2), and (3-3) can be equated zero.

Then, the following equations are obtained,

daM,
L

. + V
dt i, IN

- L

1,18 ~ s, our.” Vi, our (3-8)



= Ly * Yoy - Lour = Vour (3-9)

——(hg) = Lyghyy + Voipy = Ioyohour = Vourtour

-Qy, (3-10)

The sbove eguations are identical to those devel-
oped Ly Holland ( 3¢ ) for unsteady-state distillaticn
without chemical reaction. Since no temperature term is
shown in Equation (3-10), temperaturs should be osbiained
by trial-and-error. The iteration procedurs is propoesed
by Holland { 36 ). 1If the rate of accumulation of
energy in rquation (3-10) is changed into the rate of

temperature change, the rs33ulting eguation is Eguation (3-7)

}h

without the reaction term. IV can be written as foliows:
aT 1
vy [LINhIN * Vinin - SousPour ~ Youeflour - Pgl
dt Mo, L
Lin * Vv = Lovr = Vour )} o G-t

The above equation can give the instantaneous tempera-
ture without trial-and-error on the temperature term. Also
if Hollandfs method is used to solve the above rate
equations, as stated before the tray must have con-
stant liquid holdup implying the z3teady inlet and out-

let streams,

Equation (3-10) is then reduced to



0= Ly *+ Vin = Lour = Vour
or Loy + Viy = Ioyp + Voup (3-12)

3.3 Steady-State Distillation with Chemical Reaction

(Category Three Problems).

On the other hand, if the distillation is accon-
panied by chemical reaction but it is operated at steady-
state conditions, the derivative terms in Equation (3-1),

(3-2), (3-7) can be set to zeros

a, .
3T

aM
e =0

ar
3t =0

Substituting the above to Equatioﬁs (3~1), (3-2),

and (3-7) yields the following sets of equations.

Li,an * Vi,iv = Li,0ur = Vi,our ¥ YRy = O (3-13)
n
Liv * Vv - Logr = Vour * v E Ry 5 0 (3-14)
Liwhin + Vinfin - Tourtour = Vourtlour - 9t
n.,. "
+ , ) = )
= Ryl-eHp,y) =0 (3-15)

The above equations are identical to those proposed
by Marek (45) and Belck (5) and utilized by Davies and

Jeffreys (12) for analysis of their steady-state



experimental data.

The methods of solution for above algebraic equa-
tions can te obtained by graphical procedures or analy-
tical solutions for distillation with a single and sim-

ple chemical reaction.

3.4 Steady-State Distillation without Chemical Reaction

(Category One Problems),

Equations (3-13), (3-14), and (3-15) can be reduced

to the mathematical model for the steady-state distilla-

tion without chemical reaction. This can be accomplished
by substituting R;=0 into Equation (3-13), (3-14), and

(3-15). The following equations are then obtained.

Li,an * Vi, v - B, 0ur = Vi,our = © (3-16)
Lyy *+ Vin - Loyg - Vour = © (3-17)
L

N * Vovin - TourPour - Vourfour - @70 (3-18)

The above are the familiar model to represent the steady-
state distillation without chemical reaction. Many arti-
cles have been published about the solutions for those

equations.

3.5 Seni-Batch Distillation with Chemical Reaction

When the outlet liquid flow is not present, the gen-
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eral system shown in Figure 3.1 is reduced to a semi-
batch distillation accompanied by chemical reaction.
For this case,

Li,oup = Your = O (3-19)
and the general model is reduced to the following set

of equations

1l _ .
=3t = Fi,av t Vi,iv - Vi,our * Ry (3-20)
AM r n
at = Pt Yov - Vour YV E R (3-21)
- R Q
gt ey Pt * Vavte - Vouror - G

+ Rj(—AHR'j) - hs( Lin * Vin = Vour

i,

3
J

n
+ v = Ri) (3"22)
i=1

The simultaneous solution of the above equations

for a complex system including several simultaneous reac-

tions will be given in the next chapter,

Summarizing, generality of the proposed model can

be best illustrated in Fig. 3.2
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Chapter 4 Theoretical Model for Semi~-Batch
Distillation Accompanied by Chemical

Reaction

4,1 Basic Mathematical Mecdel and Keactlons

The mathematical model for a semi-batch dis-~
tillation accompanied by chemical reaction can be
obtained by reducing the general model as shown in

the previous chapter. These are repeated below.

gM. _ i ) o
3"5._1 N-Li.’IN * . VisIN Vio 0uT + Ri (,3"'0)
am n e
at =t Y Y 7 Your 7 &= (3-21)
at _ 1 o |
ag  er (v Pt Von Faw - Vour Four
nr
”QL + f_-_—i Rj(-N{R,j) - hs ( I’IN -
= + v—n— A _

The simultaneous solution for the above model now
will be given in this chapter. The system for which
the solutions are developed is the esterification

of acrylamide sulfate and ethyl alcohol. The product,

namely ethyl acrylate, is dis$illed into the vapor phase.

The proposed system is best illustrated in Figure 4.1,

Initially, a known volume of the equilibrium
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solution containing acrylamide, sulfuric acid, acryla-
mide sulfate is prepared and charged to the reaction-
distillation tray. The equilibrium relationship can
be represented as

Eguilibrium Reaction

CH,CHCONH, +  H, S0, == CH,CHC(OH)NH,HSO), (4-1)
acfylamide sulfuric acid acrylemide sulfsate,
The method of preparing the above solution and other
experimental set-ups and procedures for this study are
degeribad in more details in the following chapter.
The continuous feed, ligquid and vapor, of ethyl alcohol
and water, are charged to the reaction-distillation
tray. The tray is a micro-sieve tray, with perfora-
tions of 60 =~ 75 4. As soon as ethyl alcohol comes
into contact with acrylamide sulfate, the following
three chemical reactions occur.

a., Maior Reaction - Esterification

CH,CHC (CH)NH,HSO),  + C,H ;O0H
acrylamide sulfate ethyl alcohol .
= CH20H00002H5 + NHQHSOU (4~2)

ethyl acrylate ammonium bisulfate:

b. Minor Side Reaction - Dehydration

ethyl alcohol diethyl ether water

The catalyst for the reaction is H,50, which is present

in the =olution,



Ce Minor Successive Reaction

Another by-product, @-ethexy-ethyl propionate is
produced froem two successive reaction routes., One of
them is the addition of ethyl alcohol intc the main
product, ethyl acrylate. The other is the reaction
between ethyl alcohol and the intermediate complex,

CZHaOCZHQC(OH)NHZHSOM , whose formation will be dis~

5
cussed later in this chapter. The combined reaction
may be represented by the following third-order re-
action with respect to acrylamide sulfate and ethyl
alcohol: |

CHZCHC(OH)NH2H304 + 262H5OH

acrylamide sulfate ethyl alcohol

= 02H50C2H4C0002H5 + NHQHSOM _ (4=4)
5-ethoxy-ethyl propionate  ammonium -
bisulfate

From the above three eguations, it is obvious that the
system is a complex mixture including the following

nine separate chemical species_

'Identifying Compound - Chemical
Subscripts Names Formulas
1 Ethyl Alcohol CZH5DH
2 Ethyl Acrylate CHZCHCOOC2H5
3 Water H,0
L Diethyl Ether CoH 500 H g



5 B-Ethoxy-ethyl C,H.CC,H,C00C.H
Propionate 25k 2°5
Sulfate
7 Sulfuric Acid HZSOU
8 Ammonium NH4H804
Bisulfate
9 Acrylamide _ CH20HCONH2

It is noted that at the time of the initial introduction
of the ethyl alcohol-water mixture to the system; the
reaction moves slowly and a negligible amount of wvapor
containirg ethyl acrylate is produced. The heat of
reaction and the heat of condensation of the feed vapor
provide the energy to raise the system temperaturs
rapidly until it reaches the bubble point of the liquid
mixture. With the continuous feed of the volatile

ethyl alcohol-water mixture, the reactions proceed,
yieldingz the vapor products which include ethyl acrylate,
In addition to ethyl acrylate, the outlet vapor contains
four other components, namely ethyl alcohol, water, di-
ethyl ether and p-ethoxy-ethyl propionate. The semi-
batch distillation system to be dealt in this investi-
gation does not have an outgoing liquid stream. The
liquid holdup on the tray contains all the nine components

vhich are listed earlier,
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The fundamental equations, i. e., Equations (3-20)},
(3-21), (3-22), derived in the previous chapter are
readily applicable where the component subscript i (
from 1 to 9 ) represents for each compound respectively.
There are basically four reactions occuring in the
system and the reaction subscript j ( from 1 to 4 )
_represents the four reactions, i. e., Equations (4-1),

(4=2), (4-3), (4-4), as follows.

Reaction Identifi- Reaction Reaction

cation Subscript i Equation
1 Esterification (#=2)
2 Dehydration (4-3)
3 Successive Reactiorn (Ll)
L Equilibrium Reaction (-1

4,2 Reaction Mechanisms

k,2,1 Structural Formula of Molecular Complex, Acry-

lamide Sulfate

Befeore discussing the kinetics and mechanisms of
the reaction system, a complex reactant, acrylamidé
sulfate, should be understcod first. Three formulas
( 38,57,60 ) have been proposed to represent acrylamide

gulfate, They are:



CH,CHC ( OH)NHzHS Oy, (4]
CH,CHCONH,H,50,, (B
CH,CHCONH 3Hs 0y {c]

Among them, formula {A] is a better representation on
the basis of the electron affinity theory and the
structure of the reaction by-product, i. e., 8 -ethoxy-
ethyl propionate. When acrylamide is added into the
aqueous sulfuric acid solution to form acrylamide sul-
fate, the proton H' is dissociated first from the sul-
furic acid. It attaches immediately cnto the most
electronegative carboxyl oxygen. Then the electron

in the double bond of the carbexyl group will shift

to the oxygen to neutralize the proton. A positive

carbonyl ion is then formed as shown below,

*0s ~ o4

CHo= CH =~ C</ * + H+ — Cl{?:c}{..ct\ (1;,..5)
’ NH
2

NH,
The electron shifts further from the unsaturated carbon
to the positive carbonyl ion and leads to the following

ionic resonance form:

0H + : OH :
< < ] (4-6)

CH ,=CH~-C+ w—s CH,-CH=
[ 2 ™ 1, 2 “SNH,

(D] (E]

The overall chemical reaction for yielding the

main product, ethyl acrylate, from the mixture of
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acrylamide, sulfuric acid and ethyl alicohol can be

shown as

0
- & ~ :
CHp=CH-CZ 4 H,S0, + C HOH
NHZ

o 4?0

The reaction shows the addition of high electronegative
cxygen of ethyl alcohol onto the carboxyl carbon of
acrylamide., Therefore, this carbon is an electron

acceptor.

A further reaction of ethyl acrylate with ethyl

alcchol gives the by-produet,p-ethoxy«ethyl propionate:

A?O' p o 490
CH,=CH-C? + CoHOH -  CH,=CH-C?
27 T ouc 275 R
s C,H.0 H Catg
~/
(1-8)
A

The addition of ethoxyl oxygen onto the @-carbon of
ethyl acrylate also indicates the g-carbon is an elec-

tron acceptor,

The above discussion Justifies the ionic resonance
form (4-6). Except a strong acid, a strong base or
their salts, a compound seldom dissociates completely
to its ionic ferms. Acrylamide sulfate ic no exception

and, therefore, there exists a structural formula with
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covalent bond for acrylamide sulfate:

OH

|

=CH-C~-03 L.

2 CH l ObOBH (4 9)
NHZ

CH

0f course, the covalent bond should be in equilibrium

with the ionic bond; which can bs expressed as follows:s

OH oH
§ /
CH,=CH~C~-CSOH =—— | CH,-CH=C 3y
. + NH
NH2 2
c}{Z:CH.,c-x-\m ] (HSOLJ (4-10)
2

During the alcoholysis, electrophilic ethoxyl oxygen
should first attack the ionic molecules, then the co-
valent bond dissociates instantaneously into ionic

- bond to supply the ionic reactant for further alcohow

lysis.

4,2,2 Preparation of Acrylamide Sulfate

Three methods have been repcrted in literature for

. preparing acrylamide sulfate., A different reactant is

used to react with sulfuricracid in an aqueous solution.
1. Starting with acrylamide ( 57 ):

CHZCHCONH2 + stou — CHZCHC(OH)NH2H304
, (b-1)

2. Starting-with acrylonitrile ( 27 ):
CHZCHCN + HZO + H2804 — CHZCHC(OH)NHZHSOu
(4=-11)



3. ' Starting with ethylene cyanohydrin ( 57 ):

CHZ(OH)CHZCN + H,y50, — CHZCHC(OH)NHzﬂson

| (4-12)
It was reported that the reactions starting with acry-
lonitrile or ethylene cyanohydrin are accompanied by
side reactions and consequently not all the reactants
are converted to the sulfate., On the other hand, the
reaction starting with acrylamide is not accompanied
by a competitive side reaction. Therefore, for this
study, acrylamide sulfate is prepared by reacting acry-
lamide with sulfuric acid in an aqueous solution as

represented in Equation (4-1),

4,2,3 Esterification of Acrylamide Sulfate and Ethyl

Alcohol

Two different reaction mechanisms can be postulated
dependin% on the concentration of water in the mixture.
If a large amount of water is presented in the acryla-
mide sulfate solution ( 57,2), most of acrylamide sul-
fate will be hydreclysed to produce acrylic acid first:

CHZCHC(OH)NH2H304+ H20 T CHZCHCOOH + NHuHSOu
acrylic acid (4-~13)

Then acrylic acid reacts with ethyl alcohol to yield
the desired product, ethyl acrylate:s

CHZCHCOOH + CZH5OH o CHZCHCOOCZHS + HZO (b-14)
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The mechanisms of the above reactions are best explained

from the structural point of view as presented in Section
4+ OH
4,2,1, In the ionic resonance form ( CHZ-CH=C::

NH2

_-OH _~OH
Qoamie CH2=CH-C+ ), the structure [‘CH2=CH~C+
SN, . . \NHZ

/,OH

+
is much more stable than [ CHZ-CH=C ] because

\\NHZ
hydroxyl group -OH and amine group --NH2 have very high
electronanegativity, which will suppress tre electron
of unsaturated carbon from moving to the positive car-
boxyl carbon. Therefore, the hydrolysis is procceeded

_OH
mostly with the stable ion | CH,=CH-C+ ] :
2 \NH, -

2
_OH . H H u '
s . a1 3 Y
Clp=Cit-CE_ + 0 —w CHy=CH-C-0%y  (4-15)
NH H
2 NH,,

Then, the proton is released from the hydroxyl oxygen

and shifted to amine group:

OH g OH
| < {
CH=CH~C~-0+4 ~—p CH,=CH-C-0H (4-16)
) " { \H 2 l
+

Since -NH3 is an electron acceptor, the electrons
on hydroxyl oxygen will shift to the adjacent carbon

and the proton is then released from it. The shift of
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electrons to the carboxyl carbon expels the electrons
in C-N bond. Free ammonia is then released and com-
bined together with protron to form ammonium ions

H
CH,=CH-C-CH —+» CH,=CH-C
2 i 2
+NH
3

L]
v

0

G—O%

- +
4+ NH (%-17)
The mechanism for the consecutive alcoholysis of
acrylic acid is initiated also by the proton which is
abundant in the dilute sulfuric acid solutions

0 _CH

= - é + = - -
CHy=CH-C” ~ + H —= CH,=CH Cioﬂ o (4-18)

2 CH

Both the hydroxyl oxygens with high electronegativity
suppress the electron of unsaturated carbon from coming

to the positive carboxyl carbon and give the stable

+ OH
structure of the ionic resonance form CHZ—CH=C/
AN
y CH OH
< CH2=Cn-Q¢ ].

OH

Then the carbonyl ion reacts with ethyl alcohol

. OH
CH,=CH~-C+ + 0 -~ CH, =CH~C~-0+ (4-19)
2 ~~O0H *NCLH 2 AR S
25 : OH 275
The proton is then released and attached onto the hy-

droxyl oxygen

OH He ’ CH
CH =CH-C-0F  \ CH =CH-(':«oc H, (4
T ) T s
.”u. / 2

v‘. .-_/
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+ :
The group -OH, will attract the electron from another

hydroxyl oxygen. The proton is then released from the
oxygen. Also the addition of electrons on the carxbo- -
xyl carbon will expel the water molecule. The water
molecule is then combined with proton to form hydro-

Ll . +
nium ion HBO 3

OH '
' #° +
CH,=CH~C~0C,H ==t CH,=CH-C + H,0 (4-21)
H20+ 275

The above reaction in a dilute sulfate solution
yields acrylic acid as intermediate by-product, and
hence substantially reduce the yield of the desired

product, ethyl acrylate.

Thus,; the other reaction in the solution having
small amount of water should be investigated to deter-~
mine the preferrable reaction conditions. With a small
amount of water, the water is used mostly to dissociate
protbns from the sulfuric acid which in turn initiates
the formation of acrylamide sulfate. The esterifica-
tion of acrylamide sulfate and ethyl alcohol can be
represented by

CH

2CHC(OH)NHZHSOM + CZHSOH —

CHZCHCOOCZH5 + NH4H304 ' (4=2)

Its rezction mechanism can be explained starting with



.. . OH

the stable ionic structure CH2=CH-CEL of acry-
. NH
2

lamide sulfate. It reacts with ethyl alcohol in the

following manner.

OH H - O _ H
cnzzcu-cf: + o:: - CH2=CH-¢-Ot\
(4-22)

The rest of steps leading to the product, ethyl acry-
late, are similar to those of hydrolysis leading to

the acrylic acid:s

OH . H
. _-H i
CH.,=CH~C~-0+ —p CH.=CH-C-0C.H
A O TNV g
NH2 275 +NH3
' 7 + '
—3% CH,=CH~C + NH (4-23)
2 ~oc L
°2H5

From the above analysis, appropriate amount of
water is then selected here according to the previous
worker( 27 ) so that the yield of acrylic acid becomes

negligible while enough protons can be produced to ini-

tiate the esterification.

h,2.,4 Side Reactions

As mentioned in Section 4.1, there are two import-
ant side reactions which produce volatile by-products,

namely diethyl ether and Q«ethoxy-ethyl propionate,



a. Production of Diethvl Ether:

The mechanism of forhing diethyl ether from ethyl
alcohol in the presence of HZSO)+ as catalyst can be
thought of a series of the following successive reactions:

C CH + HZSO“ — CZHSOSOBH + HZO (4-24)

ofig

CZH CH

+

5 2757773

CQHGOH + CoH 08041 —— (02H50)2302 + H,0  (4-26)

C2H50H

+

(C2H5O)2SO2 — CZH5GSOBH + 02H5OCZ}{5

(4-27)
The overall results of the above reactions can be given
by the fcllowing egquationt

— {h.28)
2_02}{ oH 021'150(321{5 + H,,O (1 283

s

5

b. Production of B-Ethoxy-Ethyl Propionates

The formation of @-ethoxy—ethyl propionate is

obtained from two successive resaction routes. They

ares
.. OR . fast +
[CH2=CH_bt‘? ] + C HOH === CH,CHCOOC,H o+ NIy
NHZ
LD]
: 0C,H,,CO0C H (4-29)

STow—™  CofiglC,H,C00CH,
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and

[ + _OH slow _ _0H ]
CHZ-CH=C\\ + Czd50h ] 02H5OC2H4Ci;

NHZ NHZ
(E) (r]
: : : ' ]
+CZH50H
+ .
W 02H50C2HQCOOCZH5 + NHL'_ (4-30)

The first step of Equation (4-29) is formation of the
desired product, ethyl acrylate. It is a fast reaction.
Its mechanism has teen discussed in Section 4.2.3, The
last step of this successive reaction is formation of
the by-product, 5-ethoxy-ethyl propionate. Its mecha-
nism begins from the formation of carbonyl ion by the
addition of proton into ethyl acrylate.

0 " OH

CH,=CH-CZ + H — [on,=cn-c8 ] (4-31)
~

00 H, 00, H,

(G]

Since the ethoxyl group, -0C,H., is much less elec-
25

tronegative than amine group, —NHZ, as in the previous

: H
case, the other resonance form [aﬁ -»CH:C//O ] will
2 ~ J
0C,H
275
+ _OH
be comparably more stable than [CHZ—CH=C\\ ]. Also,
NH

the steric effect of larger molecular grdups OH and
OCZH5 prevent alcohol from adding to the carboxyl carhon
of formula [G]. Therefore, the mechanism for this side

reaction can be represented as fcllows:
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_OH + _OH
CH ,=CH~C¥ — cHCH=c ] (4-32)
~N
0C 1, 0C M
He.  + _ OH o
. 0+ CHZ-CH=C\OC . ?}12-011:0\00' .
2Hg 2fig O ols
CoHy
o OH
— CHZ-CH=C/ + Ht (4-33)
~
o 0C Hi ¢
2°5

The proton released in the above equation then attaches
on the unsaturated &«-carbon because it has much less

steric hinderance than carboxyl carbon:

_OH . _CH
CH,,~CH=C + HT 3 CH, = CH-CF (4-34)
Seln, 00,H, LR e 5
2°5 7 275 '

The positive carbonyl ion then attracts the electron
from hydroxyl oxygen and then proton is released again
to give the by-product, @-ethoxy—ethyl pronionates

ol 20 +
—=  CH,~CHy-C + H (4-35)

-~
2ts 5

0C H ¢ OCoHg
The proton is then a catalyst for the above addition

reaction.

Equation (4-30) is an alternate reaction route
leading %o the by-product, ﬂ-ethoxy—ethyl propionate;
Since formula [E] is much less stable than formula [D]
as mentioned in Section 4,2.1, the following addition

reaction is then a very slow reactions



+ OH . H OH
i -CHi=C ] + o7 —»  CH,-CH=C (4-36)
2 NH NCLH ' NH
2 25 A 2
CHL “H

Following the same mechanisms given in Equations (4-33),

and {4-34), the product of the above reaction proceeds

_-0H
10 the intermediate complex ion, [CHZ-CHZ-C+ J.
‘ TS NH
OCZHF 2
>
_OH _OH .
CH.,~CH=C ~——p CH.-CH= C 4+ H
L2 N NH | 2 N\ Nit
/O¢ 2 OC2H5 2
CZHS H
_ OH
—+ CH,-CH,-C¥ L (k=37)
OC2H5 2
(F]

Formula [Flwith bisulfate ion, HS0, gives the interme-
diate complex, CzH5OCZH40(OH)NH2HSOq as mentioned in

Section 4.1,

As soon as the above positive carbonyl ion is formed
and more ethyl alcohcl is added, the hydroxyl oxygen

in ethyl alcohol will attach onto the carboxyl carbon.

OH W H M n
CH,~CH,~C¥ + .0 ~ CH,-CH,-C-0%  (4-38)
dc. s NH LY e dm T,

2"5 - 275 2

Shifts of proton and formation of ammonium ion are

similar to those shovn in Equation (4-23).

?H H\ ,‘26}‘1
H.~CH -C—0% CH.~CH 25 -0C ]
oot mi,  C2Mls) 00 H, 4N,

L S
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-cZ + NHy (4-39)

OCZI{5
Since the reaction rate for this stage is much fasterv
than the previous stage,the yleld of the intermediate
complex, C2H5002H40(0H)NH2H304 is then essentially
negliigibles Summerizing the mechanisms described above,
the formation of @-ethoxy-ethyl pfopionate can then be
represented by the following overall reaction.

T . t .
Cr{201{C\Ol{)I\H{ZHSOl+ + 2 Czh5OH

. 1 i)
— CZHSOCZHQCOOCZHS 4 NH4H304 {Lah)

4,3 Reaction Rate Expressions .
b,3.1 Esterification of Acrylamide Sulfate

Since “the amount of water presented in the systen
is small, the reaction mechanism of esterification is
best expressed by Equaticns (4-22) and (4-23). Since
the transient electron shifts can be considered to be.
instantaneous and since the ionic structure of
, _-OH -

LQH2=CH-Cﬁ\~NH ] dominates the reaction, the overall
resction may %e represented by its eguilivalent mole-~
cular fermula as shown in Equation (4-40),

k
. . 1
CHZCHC(OH)NHZHsou + 02H56d — e

CHZCHCOOCZ‘15 + NHL',HSGLp (4-40)
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As most of product, CHZCHCOOCZHS is distilled and leaves

the system, the above reaction can be considered as a
secend-order irreversible reaction. 'Then, the rate
expression of producing ethyl acrylate by the above

overall reaction can be expressed as

Ry = k,C,C¢ (4-11)
where
Ri =Areaction rate yielding ethyl acrylate,
g-mole/l-nin
k1 = reaction rate constant, l/g-moleumin
C; = concentration for éomponent i, g~mole/l
The Arrnhenius equation states that
-E, /1.987T
k =k e (4-52)
wheré
ko = frequency factor
E = activation energy, cal/g-mole

T = absolute temperature, %k
Substituting Equation (4-42) into Equation (4-41) with
the corresponding subscript gives

, -E 1 /1.987T \
Ry =k q e C,Cq (k-13)

where

Eoi = activation energy for the rate constant kl

koi = frequency factor for the rate constant kl
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,3.2 Production of Diethyl Ether

The reaction forming diethyl ether as represented
by Equation (4-3) can be written as a second—order re-
versible reactions:

k2

2 CZH5OH ——;~0 C2H5OCZH5 + H,0 (Le=bly )

However, the product, diethyl ether, is very volatile

and thus the concentrétion of diethyl ether in the liquid
phése is negligibly small. Under this condition, the
backward reaction may be neglectéd and the reaction
treated as a sécond—order irreversible reaction. The
rate of producing diethyl ether is then expressed by

2

Ré = ¥,C] . (4-k5)
vhere
Ry = production rate of diethyl ether
k2 = forward reaction rate constant

4,3,3 Formation of @-Ethoxy-ethyl propionate

The overall reaction expressed by Equation (4-4)
has been shown in Section 4.2.5 as a combination of two
consecutive reactions. It is repeated below

CHZCHC(OH)NH2H304 + 2 CZHSOH

k
~—2e CpH50C2HLC00CHs + NHLHSOj (4-46)
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Since the reactant, ethyl alcbhol, is supplied conti-
nuously and the product, @-ethoxy-ethyl propionate is
rartly vaporized and removed from the reacting mixture,
the reaction can be considered as an irreversible third-
order reaction. The rate equation is, then, written

RB" = kBCic 6 (4-47)

=
~
i

3 production rate of B~ethoxy-ethyl propionate

W
it

rate constant for Reaction 3.

B34 Equilibrium Reaction Forming Acrylamide Sul-

fate Complex

The acrylamide sulfate is not continuously charged
to the reaction mixture, but is formed instead in the
reaction mixture by the following reaction:

CHZCHCONH2 + H2504 e CHZCHC(OH)NHZHsou (4-1)

When acrylamide is dissolved in the aqueous sulfuric
"acid at a ratio of about 111.2, as used in this work,
acrylamide crystal can be seen in equilibrium with the
brown product, acrylamide sulfate in the mixture at the
temperature below the melting peoint of acrylamide,

84,5 %. However, when the temperature is increased to
the range of 90 - 130 °C as used in this study, acryla-

mide sulfate is formed almost instantaneously. Accord-
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~J

ing to American Cynamid Company ( 2 ), molten acryla-
mide polymerizes vigorously with evolution of heat,
Since no polymerization (viscous material ) has been
found in any of the acrylamide sulfate solutions pre-
pared in this experimental system, it is evident that
acrylamide is stabilized in the form of molecular com-
plex, acrylamide sulfate. Amount of free acrylamide

in the sulfate solution is then negligible., Thus, it
may be assumed that all the added acrylamide is converied
into acrylamide sulfate for the experiments being in-
vestigated. When the temperature exceeds 135 oC,-acry-
lamide sulfate may be decomposed because strong -cdors
cen be detestedafrom thelliquid;} To aveid such a decom-
pdﬁition-éé high femperatures, and to avoid the equili-
brium reaction at low temperatures, the moderate tem-
perature of 90-130 °C is chosen as an appropriate range

for this study.

The molal quantity of the acrylamide sulfate complex
can be represented in terms of initial molal guantity of
acrylamide and its consumptions by the reactions. All
the added acrylamide is consumed to produce acrylamide
sulfate while acrylamide sulfate is consumed to produce
two components, namely ethyl scrylate and ﬁ-ethoxyuethyl
propionate as follows.

(i) For producing acrylamide sulfate



CHZCHCONH2 + HZSOQ — CHZCHC(OH)NHZHSOQ (Lb~1)

(ii) For producing ethyl acrylate
Equations (4-1) and (4-2) can be combined together
stochiometrically:

CHZCHCONH2 + H2304 -— CHzCHC(OH)NH2H504 (4=1)

CHZCHC(OH)NHZHSOU + CgH5OH —_ CHZCHCOOCEH5 + NHuHsou

(4-2)
CHZCHCONH2 + HZSO4 + 02H5OH — CHZCHCOOCZHS + NH4H804

(4-148)

(iii) For producting -ethoxy-ethyl propionate
CHZCHCONH2 + H2804 —— CHzCHC(OH)NH2H304 {(4-1)

CHZCHC(DH)NH2H804 + 2C2H50H -_> C2H5OC2H4C0002H5

+ NH,HSO, (b-1)

CHZCHCONH2 + H2504 + 202H5OH — 0255002H400002H5

+ NH, SO, (4-49)

Now, let Ai represent the total molal quantities of
component i in both liquid and vapor phases. Stochi-
ometric consideration of Equations (441), (4-48) and
(4-49) then lead to the following expressionsQ

Moles of initial acrylamide sulfate = A6 0 ]
?
= Moles of total added acrylamide = A .Y@-50)

Moles of acrylamide sulfate consumed = A, + A

2 5



Thus, the amounts of acrylamide and sulfuric acid re-
mained in the reaction mixture at any time can be re-
presented by

M, = M - M

7 7,0

Mg = 0 | (4-52)

where M7 0 is the molal quantity of sulfuric acid
’

9'0 (“’"51)

presented in the initial mixture, Since acrylamide

sulfate is very nonvolatiles
o
Ag & Mg (4-53)
Equation (#-53) can be incorporated with the relatiocn-
ships given in Equation (4-50) to give

MS = Mg'o -~ { Ay + A5 ) (4-54%)

4,4 Individual Rates of lass Appearance znd/or Dis-

appearance
L,h,1 Ethyl Alcohol

Ethyl alcohol is involved in three chemical reac-
tions, i.e., Reactions (1), (2) and (3). The molal
rate of ethyl alcohol consumptions by the reactions is’

| v( Ry + 2 Ry + 2 R3 ) .
Substituting the above into Equation (3-20) for ethyl
alcohol yields

dMl

—_— = L

at

V + 2R,

5+ 2R3)

(k-55)

1,18 * Vi,1v - Vi, 0ur - V(Rg
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4.4,2 Ethyl Acrylate

Both liquid and vapor feeds to the system contain
'no ethyl scrylate. Therefore,
L

v =0

2,IN = '2,IN
It is the main product of the esterification and leaves
the system as a part of the exit vapor. It may be
consumed by addition of ethyl alcohol to give p-ethoxy-
ethyl propionate. However, the formation of g -ethoxy-
ethyl propiénate is a very slow reaction and has been
proved to be more dependent on the concentrations of
ethyl alcohol and acrylamide sulfate., Thus, the molal
reaction rate of ethyl acrylate is mostly attributed to
Reaction (1), vR; . Substituting this quantity into
Equation (3-20) gives the equation for rate of appea-
rance of ethyl acrylate in the system.

sz

— = . Y

dat

R (4-56)

2,0ur T VR

4,3 Vater

All the streams entering and leaving the systen
contain water., It is also formed as a by-product by
Reacticn (2) of which main product is diethyl ether.
Its rate of formation is VR, and Equation {3-20) can

be written in the following form for water.
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an
—
dt

v R, (4-57)

=Ly gyt V3, 1n - V3,0up tV

44,4 Diethyl Ether

The feeds contain no ether and i1t is produced by
Reaction (2). Thus, the rate of mass change of di-
ethyl ether is expressed as

dM4

—— = - m + vR (4-58>
dt LI'.OUL 2

4.4.5 {-BEthoxy-Ethyl Propionate

The source of ﬁ-ethoxy ethyl propionate is Reac~
tion (3). It is volatile and leaves the system in the
exit vapor. Thus,

obl,.

= -V - (4-59)

at 5,0UT 3

4h.,4,6 Acrylamide Sulfate

Acrylamide sulfate does not enter and leave the
system. It is only consumed by chemical reactions
within the system. Differentiation of EQuation (4-54)
gives the rate of consumption of acrylamide sulfate as
a function of producticn rates of ethyl acrylate and

g-ethoxy-ethyl propionate as followss
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- __( ........2.. + _..5. ) (4-—60)

Now, the rate of production of ethyl acrylate can be
expressed as

ar,,

— le | | (4-61)
dt -

where v is the volume of total liquid in the system.
The production rate of @—ethoxy ethyl propionate can
be expressed by Equation (4-47) which can be rewritten
as follows:
dA . ‘ '
.....-..l = VR,’ (’4’-62)
dt 2

Equations (4-61) 2nd (4~62) can be introduced into

Ecuation (4-60) to yield

6 o - ) (4-63)
— = =« v( R, + R : }-63
d.b 1 3

L.k,7 Sulfuric Acid

Sulfuric acid is charged to the system only once
before the system operation. It is very nonvolatile.
Its presence in vapor condensate can not be detected by
titration with barium chloride solution;.‘Sinée sulfuric
acid is also not generated or consumed by chemical reac-
tions, it has a zero molal rate of change obtained

from differentiation cof Equation (4-52) with respect to
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time.
akl
.-—Z-=G

(L4-64)
at

L,L,8 Ammonium Bisulfate

The sources for ammonium busulfate are Reactions
(L) and (3). Thus,
dI"i 8

—— ( R, + R ) (4-6
it v 1 n3 5)

Ammonium bisulfate is a very nonvolatile solid. The

outlet vapor contains no trace of .it.

. k,9 Acrylamide

aM
Similar to sulfuric acid, the expression for —2
at
can be obtained by differentiating Equation (4-53).
an '
—2 = 0 (4-66)
dat

kol o10 Overall Rates of Mass and Energy Changes

Summation of Equations (4-55) to (4-59) and (4-63)
to (4-66) gives the overall mass change rate as focllows:
ari |
— 2z T - -
" "tn * Bn - Vour - VRs | (%-67)

where



&4

Ly = Iy, v * I3, 1N

Vin = Vi,in * V3, 1
5

Your = & Vi,our

The heat loss from the system to the surrounding

can be represented by the heat transfer rate equation.

= U.a,. T - : . L5
QL Ll l( T TO ) (L-63)
where

ai = inside heat transfer area

Ui = overall heat transfer coefficient in terus

of inside heat transfer area
Substituting this equation into Equaticn (3-1l4a) yizldés

the following expression for temperature change in the

system
T 1 5
at NCp [LINhIN * Voo - Vourtlour * 7 jéz—le(
' : dM
- °HR,j ) - Uiai( T - T, ) - h E; ] (4-69)

.5 Hass Transfer Effects on Reaction Rates

4,5.1 Hatta's Film Theory

The reaction rates as discussed in the previous

sections are affected by mass transfer of moleculzar
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gpecies at the interface. The mass transfer effects

are very complex, but its characteristics can be ana-
lyzed and discussed by the use of Hatta's film theory
(268,29,30,31 ). Though actual reactions involved in

the present study are the pseudo-high-order reactions, the
film theory will be initially considered for a first-
order irreversible chemical reaction. A basic mathe-
matical model developed will then be modified and ex-
tended to the present system. Let the reaction be

k
A

-+ P {4-70)
where

A= reactant

*J
]

product

k= reaction rate constant

In this study, the reactant enters the system through
both gas and liquid feed streams., The case with only
gas feed stream will be discussed first, Its liquid-

gas interface can best be postulated by Fig. 4.2.

According to Hatta's film theory, for any given
moment, the rate of change of mass flux by diffusion was
set egual to the chemical reaction rate, assuming the rate
of accumulation in the thin film is comparable very small

and negligible. The relationship can be expressed as
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2 .
a~C :
D — = x (4-71)

where ax

x = axial distance
k = reaction rate constant
C = concentration of dissolved gas reactant in
liquid film |
é9= diffusivity of dissolved gas réactant through
liquid film
The corresponding boundary conditions are

(1) x=0 C = C, (4-72)

(2) =3¢ ¢ = Cy (h-73)

§ = film thickness

C, = interface concentration of reactant A
Cb = concentration of reactant A in liquid tulk
Cy > Cy,

A solution for Equation (4-71) can be obtained
readily in the form of
C = Alsinhb(x + A,cosho x (4-74)
where
The boundary conditions (4-72) énd (4;73) can be sub-

stituted in Equation {4-74) yielding the following
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expression for the concentration of reactant A within
the liquid film,
C,Sinhwx + C;sinh o(( d - x )

C=- (4'75)
. sinh &d

The rate of diffusion of solute A into the liguid is
obtained from
ac

dax

39(-% + C;coshetd)
x=0 sinh &g

N, = - (b-76)

A

Also the rate of diffusion of solute A into the bulk

of the liquid is obtained by substituting x =§:

ac Q(c. - C.coshold :
N = -H — = DC; - ) (4-77)
* ax | x=§ sinh

0f the solute 4 entering the liquid phase, the frzoction
£ reaching the liguid bulk without reacting is given by
C. - Cycosh oS

¢ = —2 _ o (4-78)
Cicosh old - Cb

The reacted fractioné of solute A for Cb equal to zero

is shown in Fig. 4.3.

For a very slow reaction, i.e.,gm — 0, all
the absorbed rezctants enter the liquid bulk without
reaction., For a fast reaction, the solute disappears
very quickly as it moves across the ‘liquid film. For
a very fast reaction, the dissolved A is entirely con-
sumed by the reactivon within the liquid filrﬁ as shown

in Figl L"out
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The boundary conditions for such a situation are

(1) x=0 - C=C, (4-72)

(2) x=§ c=0, 0<BE1 (4-79)
The solution of Equation (4-71) with the above bound-

ary conditions is

Cisinh (B - x )
C = ——it (4-80)
sinh NFS

Next, consider the case where a liquid reactant
A diffuses through the liquid film toward the gas nhase,
Its gas-liquid interface can be illustrated by Fig. L.5,
The rate equation, boundary éonditions, and solution
for this case are identical to Equations (L-71), (&-72),
and (4-73) for gas-absorption accompanied by chemical
reaction except that the concentration in liquid bulk,

Cy is greater than that at the gas-ligquid interface, C.l

For a very slow reaction, i.e..éT?Z@ — 0, all the
reactants diffused from the liquid bulk are evapcrated
into the gas bubble without reaction. For a fast reac-
tion, the solute disappears very quickly as it moves
across the liquid film. For a very fast reaction, the
dissolved A is entirely consumed by the reaction within
fhe liquid film as shown in Fig. L,6, The boundary
conditions for such a case wili be

(1) x =8 C =0 (4-79)
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(2) x =6 ¢ =c, (4-73)

The solution of Equation (4-71) with the above bound-
ary conditions can be solved readily:
CySinh o( x - 85)

sinh o8 (1 -£)

«Q
]

(4-81)

There is no reactant A entering the gas bubble and
Equation (k-81) can be obtained from a more general

solution of Equation (4-75) by proper substitution.

Finally, consider a combined case in which the
reactant A is supplied from both gas bubble and liquid
bulk. For a very fast reaction, the reactant A coming
from the gas bubble completely disappears in the film
at x =@§' and that coming from the liquid bulk dis-
appears at x =v§5 as shown by Fig 4.7. Since this is
a combination of Fig 4.3 and Fig 4.5, the sclutions for
the concentration gradients are identical to Equations
(4~80) and (4-81) except that the fraction @ shown in
Equation (4-81) should be replaced by‘f. The complete
solution for this case are as follows:

C;sinh (B8 - x )

C = < x ¢ - (4-82
sinh o<p5 0= g‘g ( *)
C =0 BI=x <44  (4-82p)
C,sinh -
. NCH ( x -%8) ?5 P, (4-820)

sinh ( 1-?}

A specinl case for the above egquaticns is applied when
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the two concentration curves become zero at the same
point, i.e., §h=ﬁ . The solutions become
C;sinh <(Bd - x )
¢ . sinh c>("3é~
ic Cpinh of( x -88 )
sinh of§( 1 - B)

0<xx% {35 (4-83a)

]

RS ¢x <§ (4-83Db)

For moderate reaction rate, the two concentration
curves will intersect at a point 55 and have same con-
centration, Cm ag shown by Fig. 4.8. The boundary con-

ditions for such a situation include the following two

setss
{x = 0 ¢ = (4-72)
Set 1
X = @5 ¢ =C, (L-8i1)
cot 2 {x = @5 C=c, (4-8M)
-
x=§8 C = Cy (4-73)

The solution of Equation (4-86) and the above boundary

conditions can be obtained readily as

C_sinh oX + C.sinh /(RS - x )
c - nSinh ;81 o«L(8 X ’ Oéxng (4-853)
sinh o((s’g
Cmsinhoc'(g— X ) + Cbsinho(( X -@5 )

sinh §( 1 -g)

BE<x<§ (4-85b)
Again, if G, is equal to zero, Equations {(4-85a) and

(4-85b) can then be reduced to a special case vhose
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solutions are represented by Equations (4-83a) and (4-83b).

Now, if the interface area of all the bubbles in
the system is a cm‘?/em3 clear liquid volume, the rate
of mass produced and/or consumed by reaction in the

liquid film surrcunding the bubbles will be

We = j akC dx (4-86) -
o .

A more general form of the reactant concentration
gradient, i.e., Equation (4-85a) and (4-85b), is sub-
stituted into LEquation (4-86) to yield the rate of mass

generation or consumption within the liquid fiims,

) g Cmsinh o«x + C,sinh (ﬁdﬂ- 3:,‘:T
W = J akC dx = ak = Pdx
° o sinh o(§5' <
fg(CmSinh ( or- x ) + Cbsinho(( X -(35 )7
+ . dx
35)« sinhe(d (1 - () /
ak C C. @d
- e [-—5’ cosholx = —= coshe( 66'- X }
sinh 0({:3(5 o o c
- )
ak C C
+ — [ - Booshd(§-x) + Beosh d(x-ﬁé)
sinhad( 1 - g o “« 58
ak
= - | ¢ ( coshdfd -1} - C,(l-coshoBd
&sinh ofa [ n ? * (3 ﬂ

ak '
* o/sinh of(1-8) [—Cm{lncwh dg(l-?)} i

Cb{cosh o(S(l-p) - 1}]




_ ak(Cm-fCi)(coshoiﬁg-l) . ak(cm+cb)[cosho<§(1-(3)-1]
o/ sinh «34§ ol sinh dé(l—ﬁ)
(4-87)
It will be of interest to predict the behavior, by the

above equation, of the system under extreme conditions.

If the diffusional mass transfer rate is very large
comparsd to the reaction rate, the mass transfer re-
sistance will be very small such that J;—dno. With

& — 0, Equation (#-87) can be reduced to zero:

& ak(cm+ci)(cosnc4@$—1)
Lim ake dx = Lim -
S0 % S» 0 oAsinh xRS
+ Linm ak(Cm+Cb)[coshd5(i*@)—1]
§—=0 of Sinh ug(l-p)
ak(C_+C,) cosheofd -1  ak(C_+C,)
= ____________;(n 32— Lim i + :( b~ Lim
inh
é‘_,o Si 0(133 . J-’O

cosh «d(1-8)-1
sinh ot (1-8)

«BsinhagS  ak(C +C,)
- +

ak(Cm+Ci)

= -—T——' Lim o Lim

5. Ot*?cosholﬁ& S+0
o/(1-8)sinh :§(1-8)
ol(1-@)cosh o{ff(l-(i)

=0
This means that the production or consumption is almoest

none within the liguid film and that all the reactions take
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plece in the liquid bulk if the diffusional mass trans-

fer rate is extiremely large.

On the cther hand, if the reaction rate is ex~-
tremely high compared with the diffusion rate, Eguations
(4-82a), (4-82b) and (4-82c) can be substituted into

Equation (4-86) giving:

s akC, gé
fakC dx = ——3— jsinh ®(&85-x) dx + j 0 dx

A sinhbf{35 A (33
aka d
+ sinh ¥(x~-9§) dx
sinh o§ (1-p) 45 5 ~
8§
- akC,
= 2K0S [cosh d(?J—xﬂ
osinh o §S Y
5
. akCy nr]
+ [éosh(%(x-}@) .

o/sinh dg(luf)

f?(j
~ G
} akCi(coshixﬁo -1) . aka[boshtxf(l-f)—lj
sinh 3§ o/sinh w’(l-j)
(4-88)

If there is no liquid feed, i.e., Cb = 0, the overall

amount of reactant consumed within the.film will depend
on gas~-liquid interfacial solubility Ci only, and no
reactant diffusss inﬁo the liguid bulk from the vapor
bubtles. On the contrary, if there is no vapor feed,
i.e., Ci= 0, ther~ will be no reactant appearing in

the generated vapor bubbles.
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4,5.2 Reaction in Liquid Bulk

Since the liquid portion of the feed contains a
reactant, ethyl alcohol, the reaction alsc tzkes place
continuoﬁsly in the liquid bulk. The rate of mass
production and consumption in the liquid bulk is de~
signated Wy and can be expressed as follows.

Wy = kC. (v - ad ) (4-89)

where v is the clear ligquid volume. It should be noted
that the volume of liquid bulk excluding the film is

represented by (v - ad ).

4,5.3 Overall Rates of Mass Production or Consumption

Since a component is consumed or produced hoth
within the liquid film and in the liquid bulk, its
everall mass rate of production or consumption can he
expressed as

= W. + W

Wp = We + Wy

Substituting Equations (4-87) and (4-89) into the above

yielcds
. ak(C, +C, ) (cosh «Bd-1) . ak(C,+C, ) [cosh xd(1-p)-1]
T o 8inh %B§ o sinh «d(1-3)
+ kG (V - ad) (k-90)

If the reaction rate for a unit volume is designated

by RT’ then
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Vg = RpY (4-91)
Equating Equations (4-90) and (4-91) gives
1 (ak(C +C,)(cosh e84 1)
T { &/ sinh &
ak(C_+C, ) [cosh «f (1-8)-1]
o/ sinh o<é(1.-p)

o

+ KC (v - aS)}

ad ak(Cm+C. )(cosh o\f‘&f-l)
Rp = KC (1. - —) + 2
v v sinh¢xp
ak(Cm+Cb)£cosh:Xékl-@}-i}
v sinh 9(5(1—{3)

(b-92)

L,5,4 WMass Transfer Effects Correcction Factors

In order to account for the mass transfer effects,
a mass trensfer correction factor is introduced to the
following intrinsic rate expression,
Ry = 1 kCq (4-93)
whers
WLs mass transfer correction factor on the intrinsic
rate axpression
kt+ intrinsic rate constant
pt concentration measured from an overall liquid
sample
Equating the exact solution, Equation (4-92) and the

defining equation, Equation (#-93) gives



99

c ad a(C.+C_)(cosh olfd -1)
M= =L (1 - —) + —T f?;
c \A o CTsinho(@d

a(c _+C,)[cosh«S (1-4)-1]
A g

(4-94)

+

pSinh a5(1-§)

Equation (4-94) contains three terms which represent
the mass transfer effects on reaction rates, namely
film thickness, interfacial area, and interfacial
concentration. These three terms,§, a and Ci cannot
be measured directly and separately. Therefore, it

is convenient and practical that the correction factor,
Ns is introduced to lump the three unmeasurable vari-

ables into cne.

As the values of the ligquid film thickness, the
interfacial area, and the interfacial concentrations
are affected by the system operating conditions, the
mass transfer effects correction factor is character-
ized by the same system parameters. These parameters
are numerous and include those related to physical
dimensions and shape of the apparatus, operating and
flow conditions, and transport properties of the system.
It is too ambitious to study; the effects of all the
parameters on the correction factors. For the present
study,; therefore, the number of the parameters of which
the effects are to be investigated is limited to four.

These variables ares



1, Initial system temperature and surrounding

temperature, TO

2. Total feed rate, F

3. Relative ratio of feed vapor to total feed,j&

L, System temperatur, T
Thus; the correction factor,TL, can be expressed by

M= T, FY, T) (4-95)

It is noted that the first three variables, Ty F, and
¥ change from one experimental run to another but are
set equal to certain constant values during a given
run. The system temperature T is a time-dependent

function during each run. It is assumed that qffunction

is a product of two separate functions as follows:
R=NCT0 By T ) = (T, B e?)p(T) (4-96)

The above approach is useful because one function‘ﬁs,
which is not time-dependent, is separated from the other
WT’ which is time-dependeni., It is further assumed

that the temperature dependent function,ﬂzT, is related
to temperature in a functional relationship similar to
the Arrhenius Egrvation, namely,

) -En/RT
Ne( T )= e (4-97)

where
R = gas constant = 1,987 cal/g-mole-oc

Substituting Equation (4-97) intc Equation (4-96) gives



the fecllowing expression for the mass transfer coeffi-~

cient factor:

S _ ~Eq/RT boog)
(= MTr ="s © (4-98)

It is recalled that the Arrhenius Equation relates the

reaction rate constant k to temperature as follows

-E _/RT
= ko e u/

k (4-99)

Substituting Equation (4-98) and (4-99) into Equation
(4-93) yields

[ ~“7/RT][ —EO/RT]
RT =7Z}:LT = ’Qse \ko e CT
:  ~(Ey + E_)/RT
= ﬂsk e 1 °
o
or
-Em/RT
Rp =K e - CT (4-100)
vhere
E, = By + E, (4-100a)
Km = ﬁsko (4--100b)

Furthermore, if an intrinsic reaction rate equation

RT = kmCT (4—101&

is adopted for expressing the overall reaction rate
which indicates not only the reaction kinetics but

alsc the mass transfer effects, the constant, km, can
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be represented by the Arrhenius-type equation

—Em/RT
n = hm e (14'-104)

k
It is emphasized that the terms, km.‘Em. and K . as
defined by their respective equations, include the
variables representing the contributions from both

reaction kinetics and mass transfer.

L,5.5 Pseudo-High-Order Reactions

As discussed earlier, the chemical reacticns en-
countered in this study are more complex and pseudo-high-
order reactions. The mathematical analysis and models for
the rate expressions incluvding mass transfer effects
for such reactions will be extremely complex but the
basic approach in deriving Equations (4-100) to (4-~102)
may be extended to the high-order reactions. Thus,

For Reaction 1 —— Esterification

~E l/RT
— . ? B
Ri,r = %n,101,1%,1 = Ky,1 @ Cy,2%,p
(4-102)
For Reaction 2 — Dehydration
-E_ ,/RT .
- 2 - T, 2 2 y
RZ,T - km'zcl’T hael hm,z e ? Cl’T ([4‘-10“")
For Reacticn 3 —— Successive Reaction
2 -2 B/RT 2
- Y . 7 3 gy -
RB’T - kn’l,Bcl,T CépT - I\.‘IG,B e ClmeG‘T
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The rate equations should then be used to calculate the
respective rates, Ri's. in the series of equations

derived in Section 4.4.1 through 4.4,10.
4,6 Relationship between the Vapor and Liquid Composition

Both chemical reaction and mass transfer affects the
vapor-ligquid relationship of a reaction-distillation system.
The effects of chemical reaction on a vapor-liquid equili-
brium system reflect in the activity coefficients while
the effects of mass transfer deviate the system from
vapor-liquid equilibrium. In order to reduce the mass
transfer effects to the minimum and consequently to obtain
a perfectly or nearly perfectly mixed tray as assunsd
previously, a micro-sieve distillation tray eguipped with
with a high speed stirrer and three baffle plates is then
employed. The micro-sieve tray ( 60-75 ) produces very
tiny bubblcs resulting in large interfacial area as well
as excellent mixing. The stirrer and the baffle plates
provide good mixing and good contact with the wvapor bubbles
as well as liquid droplets, Therefore, it is reasonable
to consider that the sieve tray used in this study can
be treated as an ideal tray and the vapor leaving the
tray is momentarily in equilibrium with the liquid mixture

on the tray.

The equilibrium mole fractions of component i in the

vapor and liquid phases may be related by the following



definition,
¥y = Kixi (4-106)
where
Ki = vapor-liquid equilibrium ratio
y; = vapor mole fraction
Xy = liguid mole fraction

When a chemical reaction is present in the liquid phase,
it proceeds until the chemical equilibrium is attained.
The vapor-liquid concentration relationship which is
sought for the distillation accompanied by chemical re-
action is, in general, not that under the chemical equi-
liorium, Instead, the interest is to determine the re-
lationship of vapor and liquid compesitions while they
are still under the influence of active chemical reaction.
A typical example is the vapor-liguid equilibrium re-
lationship obtained by Hirata and Komatsu (32,33,34), as
nentioned previously in Section 2.1.2, for the esterifi-

cation of acetic acid and ethyl alcchol.

CHBCOOH + C2H5OH — CHBCOOCZH5 + HZO (4-207)

For the present study, it is also assumed that there exists
an instantaneous equilibrium at any moment between the
vapor leaving the system and the liquidé remaining in the
system, The instantanecus temperature so neasured is

considered to b2 the bubble point of the iiguid corres-



ponding to vapor-liquid equilibrium.

Component i in vapor and liquid are in equilibrium
if,and only if,fugacity of vapor phase is equal to that

of liquid phase,

\' L
where
fg = vapor phase fugacity
f? = liquid phase fugacity

The vapor phase fugacity is related to the vapor phase
mole fraction through the vapor phass fugacity ccoeifi-

cient qbi by
\'} .
fi = ('biy.P (4-109)

where
4)i = vapor phase fugacity coefficient
P = total system  pressure

¥y = mole fraction of component i in vapor phase

The liquid phase fugacity f? is related to the
liquid phase mole fraction Xy by an activity coeffi-
cient and a standard-state fugacity. In this study,
the ligquid solution is extremely complex. As discussed
in Section 4.2, it contains nine compounds as well ag -
their associated ionic species. These lonic species

are all initiated by the protons supplied by sulfuric
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acid at the presence of water. The amount of free sul-
furic acid in the liquid solution is essentially fixed
for all the experimental runs at any instance. The
amount of water is increased due to a continuous feed
and a dehydration reaction but decreased due to a con-
tinuous evaporation. The resulting amount of water
from the above thrce functions gives an almost constant
water mole fracticn in the ligquid solution. Therefore,
the effects of the liguid compositions of all the ionic
species:on the activity coefficients of the nine com-
pounds in the system way have little variations. There-
fore, it is rezscnable, as a practical application, to
set up vapor-liquid equilibria for this reaction-dis-
tilletion system only based.on the thermophysical pro-
perties of these nine compounds. That is, =11 the ionic
species are inecluded in their corresponding compound.
Since all the compounds in the system are condensable,
the following form given by Prausnitz, et al., (53) for
the liquid fugacity coefficient of a condensable compo-

nent is then adopted here.

P -L
. . 4P
L _ ¢ 0L . Vi )
pT R_.L
where
£5 = standard-state fugacity, i.e., fugacity of

pure liquid i at temperature T adjusted to

the reference pressure 2



Ay = activity coefficient of component i at tem-
perature T adjusted to the reference pressure pr
G? = partial molal volume of i in the solution at

temperature T.

The standard-state fugacity is given by

r
T ~
L = 5949 exp ( 1. ap ) (4-111)
i i'i
o RT »
P
where
pg = gaturated wvapor pressure of pure liquid i
¢§ = fugacity coefficient of pure vapor i at
temperature T and pressure pg, and
v% = molar liguid volume of pure component i

at temperature T.

Since the solution in the system is far from critical
conditions, v? and 5? are of negligible difference,
Equations (4-110) and (4-111) can then be combined and

simplified to

P
f? = qixipg¢§ exp ( -g —i%— 3P ) (4-112)
Py

Also, at low subcritical conditions, the liquid molar
volume v? may be considered to be independent of system
pressure (53), Equation (4-112) may be further reduced
L 0
Vi(P*’pi )j

RT

1o

L _ Caa
£2 = 1ix,p. 4 exp[ (4-113)
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Substituting Equations (4-109) and (4-113) into Equation
(4-108) gives the following vapor-liquid equilibrium
relationship.
) L o]
v (P-p;)
_ 0,0 i i _
dbiyiP ~'ﬂixipi¢ﬁ exp [-—anw—-J (4-114)
Equation (4-114) can now be incorporated with the de-
fining equation, Equation (4-106) to yield the following

expression fo Ki t

K. = = 2 4-115)
- P | ( )
The exponential term, exp (v%(P-pg)/RT), in the above
equation is called Poynting facter. At zatmospheric
pressure, the highest calculated Poynting factor is

1,009 for ethyl alcohol at 130 °C. This term cen then

be simply set to unity. Also at the low pressure the
vapor mixture may be considered to be an ideal gas and
ideal solution. Thus, the vapor fugacity coefficient

in the mixture, ¢k, may also be set to unity without

significant error.

With the assumpticns that ¢3=l.0 and exp
{y?(P-pg)/RT] =1.0, Equation (4-115) can now be

reduced to the following working equation

_ ipidh (4-116)
: 3

It is noted that fugacity coefficient of pure vapor,¢§



109

carnnot be omitted from the abbve equation because its
value for ethyl alcohol at the highest operating tem-
perature, 125.4 °c is only 0.837, which is 16.3 % below
unity. The three-parameter general correlatiocns by
Prausnitz, et al. are used for estimating the fugacity
coefficients of pure vapors. Thelr correlations are .
shown in Appendix A.12. For vapor pressures, pg, the
Antcine Equaticn given in Appendix A.5 is used. Its
three constants are either obtained from the literature
or fitted from vapor pressure data by the computer pro-

gram BSOLPFIT given in Appendix C.5.

In this study, the instantaneous vapor and liqguid
conpositions are measured experimentally. Thus, Ki-
values are obtained from experiments. The only unde-
termined quantity in Equation(4-116), liquid activity
coefficient, can then be calculated from the following

rearranged form of Equation (4-116).

K.P yiP
- 1 -
di - 4;0 (o] - ;{ 4)0 (6] (4—117)
i Py 1¥P1Py

However, there are some difficulties when using the
above eguztion for calculating activity coefficients

of either very volatile diethyl ether or four very

nonvolatile components, namely acrylamide sulfate,
sulfuric acid, ammonium bisulfate and acrylamide. For

very volatile diethyl ether, its liquid mole fraction,



X50 £aN not be measured accurately. For the four very
nonvolatile compounds, their vapor mole fractions, Yy
can not be determined properly either., These are all
due to the facts that diethyl ethexr is not detectable

in the liguid phase and the four very nonvclatile com-
pounds are not found in the vapor condensate. Since

the activity coefficients of diethyl ether and all the
nonvolatile compounds are not important for vapor-liquid
eguilibriwn calculations, it is expeditious to lunmp

all the very nonvelatile compounds as a pseudo~component
and to treat diethyl ether as a gaseous product from de-
hydration, The pseudo-component is designated as very
nonvolatile material. Summarizing, the liquid mixture
to be considered for correlating ligquid activity coeffi-
cients, as will be shown in Chapter 6, contains the

following five readjusted components.

Readjusted Conmponent Component Name
Identity Number
1 Ethyl Alcohol
2 Ethyl Acrylate
3 Viater
L @~BEthoxy-ethyl propionate
5 Very Nonvolatile Material

L,7 MNumerical Method for Solution of Unsteady-State

Distillation Accompanied by Chemical Reactions

The mathematical model for the semi-batch distil-

lation accompanied by chemical rezction is represented
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by a series of differential equations developed in Chapter
3. Because of its complexity, an analytical method for
simultaneously solving this set of equations is not
available. Therefore, a numerical method is applied.
As happened so often the system has more unknowns than
the number of equations. It then demands a trial-
and-error integrating procedure. Holland ( 36 ) has
proposed the 9-method for solving an unsteady-state
distillation in absence of chemical reaction with a
constant holdup. His method is not applicabls to the
present problem since the 1liquid holdup on the tray is
not constant and the reaction rate expressions are
nonlinear here, A new convergence method is proposed
in this study to solve the model developed for the
unsteady-state distillation accompanied by chemical

reaction,

L,7.1 Reduction of Unknown Variables in Working Equa-

tion

In order to reduce the number of unknown variables,
and to rewrite the model into forms for easier numerical
solutions, the following relationships are introduced
to Equations (4-55) through (4-59) and (4-63) through
(b-66),

(1) Vvapor compostion
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Vi,our = Yi¥our (4-~118)
(2) Vapor - liquid eguilibrium
0,0
1ipi¢i _
(3) Liquid molal holdup

M. = x.M {(4-120a)
or
M, M,
M I"‘Ii
=1

(4) Reaction rates

. 'Em,l/RT B -

-E_ _,/RT

_ - M, 2 2

-E_ ,/RT
= = K m, 3 2 ! .
R3 RB,T hm,B e Cl,Tcé,T (4-105)

(5) Concentration
P"Ii

C. = — (4-121)

i,T v

After substitutions and certain rearrangements, Equations
(4-55) through (4-59) and (4-63) through (4-66) can be

rewritten to the following set of equations

0,;0 : .
am, NP1 H Voyurty -Em' 1/RT
—L =Ly vt Vi,m - = | Kn, 18
at ' 0 L4 P M My
2
M, H -E_ ,/RT N% -E_ ./RT Wi
176 m, 2 1 S
‘2 2/ 0 m, 3 T 216
( . ) K, 28 v+ 2K, e )
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(4=-122)
ai,, 2p2¢2 MoV oy By /RT M Mé
—t = + X .e (b-123)
dt P 1 m,1 v
. ' 040 .
aM f)f,),chpq MoV o
=Ly gyt Vs I -
dt ’ ’ P M
E /RT mi
5 ———— -
Km,z = (4-124)
ak A, pod° 1,V .. /QT @
Sy T Tour oy T2 L ()
at P M "
. 2
ai A.po 4l M -E_ ./RT WM
dt P M ’ v
8 / 2 .
fi_r_xé -k e'Em'l/ RT M, Mg x V—b.m,B/R.L MMy
at m, 1 v m, 3 VZ
(k-127)
dM
—L =0 (4-123)
dt
, : 2,
_‘ir'_ff}_ C e-hm’l/m My Mg . e-E EB/RT mllaé
at m, 1 v m,3 v2
(4-129)
dld
-(;;2 =0 (4-130)

It is ncted that 9 unknowns ( V.l oUT ) are eliminated
|3

and replaced by a new unknown, total vapor rate ( Vour ).

The above equations can be substituted into Equation

(4-67) to yield another equation for the total mass change.
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& ~E,, 5/RT mi s
— = Loy *+ Vo = Vour - Xa, 38 . (4-131)

The values of heate of reaction needed in Egqua-~
tion (4-69) can be calculated from heats of formation
by applying Hess' law. The heats of formation are
cbtained from literature or estimated by reliable
correlations. All the determined heats of reaction
along with related data sources and correlation methods
are given in Appendix A.10. The reaction rate equations
and the heat of reaction exrrsssions are substituted
into Egquation (4-69) to yisld the following new equs-
tion for the temperature change with times

a1
PP * Vo - Vourlour *
at rcp

m' JL/RT 14 Fig

(- alp 1)K, 1@ v
= m, Z/RT Ii
(= 2Hp 2)Kp, 28 vt (-alg 5l 50
2
-E_ ./RT MM dM
mY T L6 _ya (-2, -n —-] (4-132)
v Sat

Again, the liquid enthalpy and vapor enthalpy reguired

in the above equation are cbtained from literature or

estimated from the reliable correlations., Appendix

4

A.7 and Appendix A.8 have detailed discussions on these

two items.
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Since the clear liquid volume, v, is required for
calculating the reaction rates for all the three reac-
tions, it is necessary to formulate its rate equation.
The difference between the feed rate and the leaving
vapor rate contributes most of variation in the clear
liquid volume, Assuming excess volume induced fronm
mixing and composition changes by chemical reactions
is negligibl small compared to the above mentioned
factor. the rate of change of the clear liquid volume

can be represented by the following equation:

dv 5 P, V.
—=-5 2.5 —2, OUT (4-133)
at  i=1 f;  i=1  §;

whare

O
il

liquid density for component i at the
temperature of the reacting licuid mixture

F, = Li,IN + Vi,IN = total feed rate for component i

;In order to compare the measured vapor molal.con-
densates by the mathematical model, it is then necessary
to write rate equations for the vapor condensates of
individual components as well zs of the totai mixture,
Let Ni be the instantaneous vapor condensate ©f com-
ponent 1 and NT the instantansous total accumulated
vapor condensate. Then tne relationship between Ni and

Vi oyp c@n be expressed by the following definition:
¥
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dNi '

o - V1,007 (4-134)
The above definition can be incorporated with the defi-
nitions of Equations (4-118) and (4-119) to give the

following working equations for the rates of change of

Ni and NTs
aN, 4. P45 M,
—L= (222 2y i= 1,700, § (4-135)
dt P M ouT? o
to (4-139)
aNq, (
—= Y be140)

Now, it can be summerized that there are 19 unknowns
( Ml, OUO' M9’ Nl"..' N's,_T, M’ V. NT' VOUT) 'tO be
solved simultaneously from 18 equations- which can be

recapitulated as follows,

dI“‘I_-
d"'-L = fi = fi( Ml’ R Mgn Nl' see, N5s T, M, v,
T
NT, VOUT )’ i = 1, "", 9 (u“‘ll‘l’l)
to (4-149)
ar
— T £ - 4
av
— = £, (4-152)

dat



Sip ., imq, e, s (4-153)
at 1241

to (4-157)
Ly = 18 (4-158)
at

The boundary and initial conditions given for the solu-~
tion are the initial liquid compositions, the inlet
liguid and vapor compositions and surrounding or oil

bath temperature.

A trizl procedure begins with an assumed valus for
Voup Which is the total vapor outlet flow., Then, the
integrations and solutions are chbtained for the renzi-
ning 18 variables by the Runge-Kutta method. The de-

tails are given in the nexty section.

Trial- and-error procedure requires a means of .
checking whether the assumed value is correct. For
this solution, the criterion is that the sum of the
component compositions in the outlet vapor must be

equal to unity.
p _
2_ yi = 1.0 (4-159)
i=1

Substituting Equation (4-119) into the above equation

yiéids

0,0.

& T3Pi¥i%s

= 1.0 (4-160)
j=1 p
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If an error function« is defined,

6,0
5 :P:dsXs .
L= 3 __l-..éi)_l-__l:. - 1.0 (k-161)
i=1 P
A set of solutions ( Ml’ vee, M9, T, M, v, Nl, see, NS’
Nip ) is obtained when an iteration of the trial— and-—
error procedure reaches an ¢{~-value within the allowable

tolerance €. The trial-and-error procedure is best

illustrated by the flow diegram given in Fig. 4.9.

b,7.2 Runge-Kutta Method

The Runge-Kutta method ( & ) has been used widely
for obtaining satisfactory numericsl solutions for &if-
ferential equations. It is also used in this study for
sclving the above 18 simultaneous differential equations.
Let -t'z and t,,, represent, @t the (z+1)th integration
step, the previouvs time and the elapsed time respectively.
The Runge-Kutta method makes use of the values of x2

i,

0

. 0 P
and t, to predict Xy, 241 values where x~ stands for any

of the 18 dependent variables., It is based on Taylor's
series ofrexpansion of xf about t. The evaluation of the
terms which are higher than the fourth order is not
necessary for most applications, and the Runge-Kutta

fourth-~order method is discussed here.

In crder for a uniform and eacy discussion of the
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procedures, the 18 dependent variables are represented

by the above mentioned mathematical terms, xg as follows,

)'0 -

x{ = M
o _

Xg = Mg
o _

XlO = T
o -

Xll = M
o _

X12 =V
o _

X33 = Ny
0 —

X1p = Ng
O e

X4g = Np

Then, a general representation of a working equaticn
can be written for variable xg:

o

Then, the Runge-Kutta formula can be represented as

At
0 _ .0 -
(4-163)
where

At =Size of integration step

= o n
Gi,l = £ tz’ Xi,z’ vOUT,z ) (k-164)

- . o Lz ho165
Si,2 = T %500 %50 * 22805 10 Vour,24d ) (4-165)
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o] 1

G £( tz+%, X; , v 5 AxGi’z, N - (4-166)

i

OUT,Z+% )

1,2 >

1,3
(0]
Gy u = T %00 X5 5 % 884 50 Voyp, 54 ) (4-167)

OUT, z+1° VOUT,Z+%' the values

of individual terms in the right-hand sides of the above

With the exception of V

equations are available from the calculated results of
the previous step., The first assumption is made for the
value of VOUT,z which is then designated as V(l). If
the vefy small time interval At is chosen so that VOUT
can be represented as a linear.function of time, then

1

Vour,z+g = 2 CVour,z * Vour,z+1 )
or
=1 (1) : T
Vour,z43 = 2 (Voyp,z + V77 ) (4-168)
Thus, xz g1 CBD be calculated by Equation (4-163) after
]

Gi,l’ Gi,2’ Gi,B’ and Gi,b are determined by IZquationz
(4-164) through (4-167). It is noted that during the course
of computation, the computaticn requires values for vapor
pressure, activity coefficient, and reaction rate con-
stants., These values will be obtained by appropriate

correlations which are given later in Chapter 6.

Vhen a set of xg 's is obtained; the value of

2 241
the error function ol is calculated by Equation (4-161).
If the absolute value of & is less than the tolerance,

then the trial procedure is terminated for the (z+1)th



step. The last assumed value.of_VOUT and the last
calculated values of ngs are the desired solutions.
These values are then used as the starting values for
another series of trial-and-error calculaticns for the
next time interval. However, if the absolute value of
the calculated error function is greater than the tol-
lerance, a new series of VOUT must be assumed and the
new iterative computations by the Runge-Kutta equation
should be repeated. How quickly a good convergence can
be obtained will depend on the method of assigning the

2)
L]

next assumed value of V(

4,7.3 Convergent Method

The convergent method is essentially a linear ir-
terpolation { or extrapolation ) of the previous results.

Mathematically, it can be stated that

v (0) (e+1) (k1) (k)

LEFL) ka)

In order to avoid unreasonable extrapolation at the

v(k+2) -

(4-169)

beginning of using the above equation, the first iter-

(k+1)

ative pair of error functions, oék) and o nust -

satisfy the following criterion:

o((k)o((k+l_) < 0 (4-170)
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These error functions can be obtained by repeatedly

(1)

adjusting the first assumed value of V
(k+1)

until a pair
of assumed values of V(k) and V can produce a

pair of error functions to satisfy the above mentioned
criterion. The adjusting function employed is expressed

ag follows:
V(m+1) = ( 1+ p )m V(l) m=1, ees, k (4—171)

where m is number of adjusiments on V(l) and Bis an

arbitrary valuve having the same sign with that of 051).
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Chapter 5 Experimental Investigation

5.1 Experimental Systen

5.1.1 Design of Experimental System to leet the Pro--

cess Requirements

A general system of the semi-batch distillation accom-
panied by chemical reaction was illustrated previously
in Figure 4.1, The experimental scheme proposed here is
developed to meet the conceptual design. The firs
task in designing the experimental system is toc provide
the mechanisms whereby the following three coperating paran-
eters can be measured consistantly and accurately.
| (1) Initial and Constant Surrounding Temperature, T,
(2) Feed Flow Rate, F
(3) Relative Ratio c¢f Feed Vapor to Tectal Peed,
A constant temperature bath is used to satisfy the first
condition. In order to avoid any operating difficulty la-
ter, the initial temperature of each experimental run
is adjusted to the surrounding temperature. The initial
liquid holdup on the reaction~distillation tray is made
up of the very nonvolatile reactant, acrylamide sulfate,
The seperately prepared acrylamide sulfate is Charged
to and kept in the reaction-distillation tray until its

temperature becomes equal to the surrounding temperature,
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with the maximum tolerence of 0.02 °C. When this tray
temperature is reached, the other reactant, ethyl alcehal,

is introduced to the tray.

A variable-speed pump is used to feed the liquid,
ethyl alcohol, the more wvolatile reactant, from a sto-
rage container to a preheater., The feed rate of the
liguid ethyl alcohol is measured by a rotameter installed
in front of the preheater., The second design condition
is thus met. The preheater is a simple tube submerged
in the 0il bath. The ethyl alcohol is heated and partially
vaporized. While it passes through the preheater, the
tiny vapor bubbles and liquid droplets are dispersed into
the reaction-distillation tray through the perferations.
The bubbles and droplets stir and mix the liquid holid-
up on the tray with the aid of a high-speed stirrer such
that an assumption of a complete mixing on the tray can

be justified.

Although the tube preheater is simple it has a cer-
tain limitation. For a given liquid feed rate, a . given
0il bath temperature and a given tube lepngth and material,
there is a definite corresponding ratio of vapor to
feed., The heat input to the preheater cannot be manipu-
lated independently. In order to provide different ratios,
two different types of tubes are used. A copper tubing

is used to provide a high heat flux and consequently a
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high vapor to feed ratio while a glass tubing is adepted

for a low vapor to feed ratio.

A large o0il bath is selected so that a constant
temperature can be maintained even though there is a
constant transfer of heat ffom the 0il to the preheater.
Furthermore, the cold feed to the preheater is installed
far away from the reaction-distillation tray. This is
done because most of heat flux from the oil to the pre-
heater occurs in this region and cbnsequently a constant
oil temperature in the vicinity of the reaction-distilla-~

tion zone can bhe further guaranteed.

The left section of Figure 5.1 is an illusfration
of the experimental setup +to measure the above threa
operating variables., As soon as ethyl alcohol is mixed
with acrylamide sulfate in the reaction-distillaticn
tray, the three reactions, i.e., esterification,de-
hydration, and successive reaction, take place immediately.
In order to satisfy the assumption that the tray is a
perfect tray, a stirrer driven by a motor and three baffle
plates are furnished. Uniform tempzrature and concen-
tration distribution in the liquid holdup are obtained
with these assistances. The instantaneous liquid tem-
perature is measured by a thremocouple and the instantane-

ous liquid sample is obtained by a syringe as shown in
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Fig. 5.1. The remaining section of Fig. 5.1 shows a
special design for sampling a vapor condensate. Its
concentration is not only dependent on time but also
affected by chemical reactions. Details of its flow

scheme are discussed in the next section as follows,

5.1.2 Experimental Arrangment for Vapor Sampling

The reaction products as well as unreacted ethyl
alcohol may absorb enough heat to be vaporized. The
conventional method to obtain a vapor sample is first
t0 use a water cooler to condense this vapor stream,
However, in this study, the vapor condensate collected
must be an instantaneous sample corresponding to theo
liquid sample withdrawn. The vapor travelling time from the
vapor-liquid interface to the sample boitle of the vapor
condensate must be accurately measured. The convention-
al water cooler can not provide a substantial temperature
driving force to make a very fast condensation. The
condensation involves complicated heat and mass transfer.,
Furthermore, the conventional method often ieaves a cer-
tain amount of vapor condensate in the condensation tube
and causes a mass loss., Therefore, the vapor condensate
collected by the conventional method carmot closely
relate to the vapor which leaves the vapor-liquid inter-
face. A special design for sampling a {time-dependent

vapor condensate 1S then required for this study.
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The present method of vapor condensate sampling
includes two specific features, one using helium as a
carrier gas and the other liquid nitrogen as a cooling
medium for the condenser., The use of helium as a carrier
gas reduces the time lag for the vapor sample to reach
the condenser. Liquid nitrogen (B.P., --195 °c) provides
a large temperature driving force to condense the vapor
sample gquickly without condensing the helium carrier gas.
Furthermore, liquid nitrogen is the least expensive .

cryogenic liquid available,

Helium is supplied by a pressurized helium tank as
shown on the left-hand side of Fig. 5.1. A rotamesur
is used to measure its flow rate. The boundary cf the
mathematical model coﬁsidered in this study is only large
enough to enclose the liquid holdup. Once the vapor
leaves the liquid holdup and is heated up to a slightly
higher temperature to keep it from refluxing back to the
systemn, the Vapor temperature beyond the boundary will
have negligible effect on the system energy and material
balances. In order to prevent the condensation before
the vapor reaches the condenser fhe vapor temperature in
the vapor stream is raised about 5 °c higher than the 1li-
quid temperature. To maintéin this temperature in the up-
per section of the equipment the carrier gas was preheated
before it is introduced to the system, All the rest of

the vapor path is also maintained at about the same high
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temperature to avoid vapor condensation before it reaches
the sample bottle. The heat required for maintaining
high temperature in these sections is supplied by heating
tapes., Since these temperatures do not enter into the
systeﬁ analysis, accurate ftemperature controlling devices

are not required.

During prepafation for an experiment, alljthe vapor
and gas lines are cold. Since helium is too expensive
to be used to warmup thé system, a much less expensive
nitrogen gas of intermediate grade is then used for {his
" service. A three-way valve has been equipped for select-
ing either nitrogen or helium for different operating

requirements,

The vapor sample bottle is immersed in liquid
nitrogen'and functions as a vapor condenser. It has
two stages. The connecting tube between the two stages
must be free in the air. Since liquid nitrogen is ex-
tremely cold, most of vapor condensate can be trapped
in the first stage. The remaining small amount of
uncondensed vapor components is crystalized and fil-
trated by a section of fine fiberglass in the second
stage. Finally, the non-condensible heliun gas is dis-
charged through the vent. It is noted that if the con-

necting tube between the two stages is also immersed
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in liquid nitrogen, vapor will be crystalized gradually
inside the tube until it completely block the vapor
passage. This, of course, will lead to an explosion

causing ruptures of part of the equipment.

Although two vapor sample bottles are connected
to the hot vapor line, only ohe of them 1s in service
at any particular instant. The other is prepared ready
for next vapor sampling, Since liquid nitrogen can
also condense the oxygen in air, the helium is used
to purge the air in the vapor sample bottle before
the latter is used to collect the vapor condensate.
The purge helium line 1is shown at the bottom of Fig.

5¢1+ Its flow rate can also be measured by a rotameter,

The complete experimental system of semi-batch dig-
tillation accompanied by chemical reaction is shown

in Fig. 5.1,
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5.2 Chemicals

5.2.1 Reactants and Related Chemicals

1, ACRYLAMIDE

The highest purity grade of acrylamide manufacturéd
by Eastman Kodak Company is used in thiS experiment.
It is a white crystalline solid with a melting point
of 84.5 °c. Since its vaper pressure is only 20 mm~Hg
at 130 °c compared to 3360-mm Hg for ethyl alcohol at
the same temperature, it is then treated as a nenvola-
tile component in the system. It ‘is thermally staﬁle
and has a long shelf life as compared with some cther
vinyl monomers, if the environmental temperature does
not exceed its melting point. ¥For example, even afier
24 hours at 80 °C, a pure sample shows little or no poiy-
mer formation (2). However, to maintain its highest
purity for a long period, all the samples are stored

at 5 ¢ in a refrigerator.

Molten acrylamide polymerizes vigorously with evolu-
tion of heat( 2 ). Even for a small amount, it is
recommended that the solid acrylamide should not be
heated above the melting point without due precautions.
In this study, acrylamide is dissolved in concentrated
sulfuric acid to form the molecular conmplex, acryla-

mide sulfate. The temperature of the acrylamide
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sulfate solution may be above the melting point of
acrylamide without any polymer formation, It is assumed
that if the molal quantity of sulfuric acid is in ex-
cess of that of acrylamide, all the acrylamide is con-
verted into acrylamicde sulfate. That is, the amount

of free acrylamide in sdch a acrylamide sulfate solu-~

tion is negligible,

2, SULFURIC ACID

As mentioned previously in Section 4.2.3. if a
large amount of water is presented in the acrylamide
sulfate solution, esterification between acrylamide
sulfate and ethyl azlcohol will produce apprecizble
amount of by;product, acrylic acid. This by-product
can be reduced to a negligible amount by reducing the
water quantity in the acrylamide sulfate solution,

Thus, the concentrated sulfuric acid must be used for
preparing acrylamide sulfate.

A 89.6 Wt % sulfuric acid solution is used for all
the experimental runs in this study. This concentration
is within the range recommended by Hardman et. al. (27).
The small amount of water in the acid is used mostly
te dissociate protons (H+) from the sulfuric acid which

in turn initiates the formation of acrylamide sulfate,

The above-mentioned sulfuric acid solution is made
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by diluting the 95-98 Wt % sulfuric acid of Fisher Sci-
entific Company. The water used for dilution is spe-
cially treated. Deionized water is redistilled twice
with the addition of 0.5 Wt % potassium permanganate
solution, The potassium permanganate‘solution can des-
troy some organic compounds in the water which are not
removed by an ion exchanger, The.redistilled water has
been tested by a gas chromatographer, which shows no

trace of peaks other than that of water.

. The diluted sulfuric acid is titrated by a dilute
sodium hydroxide solution. Since the acid concentraticn
of the sulfuric acid solution in the experiments is very
high, a sulfuric acid solution sample for the concen-
tration determination is prepared in two stages. The
first stage is to take about 3 grams of the 95-68 % sul-
furic acid and dilute it by adding about 50 ml of waters
All these quantities can be accurately measured by the
electronic balances available in the University cf Houston
Chemical Engineering Depariment, Then take a known volume
of this newly diluted sulfuric acid solution and titrate

it by a dilute sodium hydroxide solution.,

The normality of +the dilute scdium hydroxide solu-
tion can be determined from a standard acid solution.
This standard acid solution is prepared by dissolving

a known amount of potassium phthalic acid in a known



airount of water. The potassium phthalic acid used here
is cocbtained from Matheson, Coleman & Bell.

Since sulfuric acid has very stirong tendency to
absorb moisture from the air, it is recommended that
this prepared 89.6 Wt % sulfuric acid be stored in a
desiccator. The sulfuric acid stored even for a month

in the desiccator has shown no change in concentration,

3. ETHYL ALCOHOL

Pure ethyl alcohol manufactured by Commerical
Solvents Corporation can be obtained from the Universiiy

of Houston Chemistry Department store room.

Ethyl alcohol is the major reactant for esterifica-
tion. It is prepared as a 86 Wt % aquecus solution,
The small amount of water presented in the feed stream
is to make up the water evaporated from the liquid hold-
up. Without this small amount of water in the feed stream,
a reduction of water in the ligquid holdup reduce the |
amount of protons which is hecessary for the formation
of acrylamide sulfate, The lack of the protcns may lead
to other serious side reactions. The concentration of |
aqueous ethyl alcohol solution used in this study is

alsc within the range recommended by Hardman et. al,

(27).



5.2.2 Reaction Products and Related Chemicals

1., ETHYL ACRYIATE

Ethyl acrylate is the major product of this reac-

tion system.

It can be easily polymerized at the time when it
is produced by esterification. Therefore, a small a-
mount of polymerization inhibitor, hydroquinone {about
0.5 Wt %) must be added into the acrylamide sulfate sc-
lution to prevent the polymerization, DBoth ethyl
acrylate and hydroquincne are maufactured by Easiman

todak Company. B

2. LDIETHYI ETHER

Diethyl ether is a trace by-product of this system.
An analyzed reagent grade of diethyl ether from Matheson,
Coleman & Bell is adopted for blank test in gas chroma-

trography.

3. @ -ETHOXY-ETHYL PRIPIONATE

@-Ethoxy-ethyl pripionate is another trace by-
product in the system., Since it is not available com-
mercially, all its properties including i%ts relation-

ship with other components in the gas chromatography
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must be estimated, Accuracies of these estimated quan-~
tities have little effect on the entire system's be-

havior because it is a trace component in the systenm,

5s2.3 Chemicals for Gas Chromatography

1. CARBOWAX 1000

The columns in gas chromatography used. in this study
are prepared by the author. Three types of.chemicals gre
required for packing a gas chromatographic coluan.

They are used as stationary phase; support and sclvent.
For selection of statftionary phase, McReynolds' book,
"Gas Chromatograph Retention Data " ( 47 ) has been
referred. The column must be able to separating l-pro-~
pancl and acetone in addition to all the five volatile
compornients in the system. 1-Propanol is used as a re=-
ference comﬁound while acetone is a solvent for the
vapor sample. Detailed functions for these two addi-
tional compounds in the samples will be discussed later
in this Chapter. Comparing the retentions times for
the above seven components in the licReynolds' book,

it is found that Carbowax 1000 is the most suitable sta-

tionary phase and is,therefore)adopted for this study.

2. CHROMOSOB W 80/100




138

According to Horvath (14), almost any analytical
problem in gas chromatography can be solved with columns
made of diatomaceous supports. The acid washed chromo-
-sorb is a common diatomaceous support. It is chosen as
column support for this system., Small partical size
of the support increases the pressure drop along the co-
lumn. However, it can provide more surface area for
the same total amount of support. Selection of particle
size should then he judged from these two factors. It
is found that 80/100 mesh acid washed chromosob can pro-

vide desired separation and is then used in this system.

3. ETHYLENE CHILORIDE

Selection of solvent in correspondance with a sta-
tionary phase is specified in most of éommerical cafalogé
of gas chromatographic columns. The sclvent is us:zd
to dissolve the stationary phase and then to coazt it on
the column support. For carbowax 1000, ethylene chloride
should be used, The manufacturers of the above mentioned

chemicals are listed as follows,

Carbowax 1000 ‘ Variant Aerogra?h
Chromosob W 80/100 Fisher Scientific
Ethylene Chloride Fisher Scientific

Acetone Fisher Scientific

1-Propanol Fisher Scientific



L, HELIUM

In addition to the above three chemicals, helium

is used as a carrier gas in gas chromatography. A

helium with minimum 99.995 % purity is used in this work.
It is also used as carrier gas for the vapor sampling

system., The gas is a product of Union Carbide,
5.2.4 DMiscellaneous Chemicals

1. SILICONE FLUID

Dow Corning 200 dielectric silicon fluid has low
vapor pressure, low viscosity, moderate heat capacity
and high dielectric constant at high temperature. It
is recommended by the manufacturer to be used as heating
mediuvm of a high~temperature o0il bath. The silicon

fluid is supplied by Lubri-Kote Company, Houston, Texas.

2. _LIQUID NITROGEN

- Liquid nitrogen is used to condense vapor samples
as mentioned previously in Section 5.1. A liquid nitrogen
tank with a capacity of 160 liters is used in this ex-~
periment. t is manufactured by Union Carbide and

supplied by IWECO, Houston.

3« _GLYCERINE

Glyerine with 99+4% purity is used in this work for
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calibrating overall heat transfer coefficient and rela-
tive ratio of feedvvapof to total feed. This compound
is obtained from Curtin Scientific Company, Houston.

It has extremely low vapor pressure ( 1.5 mm Hg at 130 %¢)
and is infinitely miscible with water and ethyl alcohol.
Therefore, it can absorb these feed vapors with negli-
gible amount of vapor loss above the liquid surface,

The heat of condensation of the feed vapor is used prin-
cipally to increase the temperature of glycerine, From
the temperafure rise of glycerine, the relative ratio

of feed vapor to total feed can be determined. Detailed
technigues of using glycerine for determining the resla-

tive vapor ratio will be presented later in Section 5.4,

5.3 Major Experimental Units of the System
5¢3.1 Reaction-Distillation Tray and Its Accesscries

The reaction-distillation tray and its accessories
are illustfated in Fig. 5+2. The reaction-distillation
tray is the portion below the Teflon gasket as shown in
the figure., The wall of the reaction-distillation tray
is a 2" standard pyrex pipe, i.e., it has an inside
diameter of 2.,068" and wall thickness of C,.125",

A micro-sieve Pyrex disc with pore sizes of 60-75 y,

is fitted onto the botiom of the pipe as the distilla-
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tion tray. The disc has a thickness of 1/8" and dia-
metéf of 20 millimeters., Below the disc, the 2" pipe is
connected to a capillary glass tubing with 1,0~ mm
inside diameter and 1/4% outside diameter. A stirrer

is suspended above the sievé tray. This stirrer

is housed in a stirrer guide and driven by a motor.
Detailed descriptions on the stirrer guide and the motor
will be presented later in this section. This stirrer
is employed to provide good mixing in the liquid
holdup. Its 10-mm shaft is equipped with four

symmetric flat blades, each of which is 15% declined
from the vertical line. This decline in blades enatles
the liquid to make up-and-down mixing. The blade is 7
mm wide, 10 mm long and sweep out a circle of 24-mnm
diametef making the ratio of stirrer radius to the pipe
inside diameter of zbout 1 : 2.1, The stirrer is posi-
tioned so that the blades are 1.5" sbove the sieve dis-
tillation plate. To improve mixing, 3 glass baffle plates
are provided. Each baffle is 1/4" wide, 1/8" thick and
3.5" long. The clearance between the baffle plate and
the pipe wall is 1/8" to avoide mixing dead spots.

The baffle plates are connected to the pipe wall only

at two points as shown in Fig. 5.2. At the stirring speed
of about 1000 rpm, as used in this system.very'uniform
temperature and concentration distributions can be ob-

tained. The temperature distribution can be tested by



moving the thermocouple positions while the concentration
distribution of the liquid is directly obtained by sam-
pling at two different positions simultaneously by sam-
pling syringes. Details on temperature measurement

and liquid sampling will be discussed later in this
chapter.

The portion above the Teflon gasket up to the top
edge of the larger horizontal pipe is the area for vapor
withdrawal. It looks like a T-shape pipe joint. The
vertical part is a 2" glass pipe flange and the hori-
zontal part right on the top of the flang is a 2" glass
pipe. Total length of the 2" horizontal pipe is 5 inches,
At each of its two ends, the pipe is reduced conically
and then connected to a 1/2" glass tubing. At the lefi-—
hand side the 1/2" glass tubing is only 1.5" longs
Jt is comnected to a 1/4“ copper tubing by a re-
ducing union. The copper tubing is enclosed in a heat-
ing tape and served as a preheater for the carrier gas,
helium. The preheated helium carrys the up-coming vapor
and leaves this vapor withdrawal section. It then enters
the 1/2" horizontal tubing at the right hand side of
the unit, and eventually goes to the vapor sample unit.
In order to prevent vapor from condensation, the larger
pipe portion is surrounded by a heating mantle obtained

from Curtin Scientific Company. The rest of small tub-

ings ( 1/2" & 1/4" ) are all wraped by heating tapes.



All the temperatures along the vapor path are manually
controlled by transformers, This operation is justified
because the purpose is not to obtain accurate tempera-
tures but to get tenmperatures greater than dew points of
the entire gas-vapor stream,

On the center top of the large horizontal pipe,
there are one stir%er guide and three vertical ports,
As mentioned early in this section, the stirrer guide
is used to house the stirrer for stable operation,
Silicon fluid is used as lubricating fluid, and sealing
material in this gap. The silicon fluid may flow dcwn
along the stirrer shaft and enter the reaction-distills-
tion tray due to high-temperature operation and partial
dissolution of silicon fluid in organic compounds. To
prevent it from contaminating the liquid mixture, a
small Teflon holder is installed on the stirrér rod
right beneath the stirrer guide to hold the
grease as shown in Fig. 5.3. Since the thermal ex-
pansion c¢f Teflon is much higher than that of glass,
the hole at the bottom of the Teflon grease holder must
be small enough such that at the operation temperature,
it still can tightly hold on the glass rod. Therefore,
the installation of the Teflon holder on the glass rod
must be performed at a temperature higher than the system

operating temperature., This device is very helpful for

avoiding the grease contaminatiocn in a reaction system in-
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volving organic vapors. In this experiment, the accumnulated
grease is only about 0.2 ml compared to mere than 100 ml
vapor condensate for.a complete run. The amount of vapor
dissolved in the grease is even smaller and thus negligible,

The stirrer is driven by a reversible and variablie-—
speed (0-6000 rpm) motor with 1/40 horse power. Both
motor and speed controller are manufactured by G. K.
Heller corporation., A short piece of thick rubber tubing
is used to connect the stirrer rod and the motor shaft.
The rubber tubing used here is to reduce the stress cf
stirrer rod on the stirrer guide and to avoid brezking
stirrer shaft or stirrer guide.

The port on the left-hand side among the three vepr-
tical ports are the largest one., It is 5/8" in diameter,
and 1,125" in height, and used as the feed entrance of
acrylamide sulfate at the beginning of each run. It is
also used as a thermocouple path. The other two ports
are both 1/4" diameter and 1" high. The center port is
a path way for liquid sampling syringe and the right-
hand port is used as a thermocouple path. The midpoint
of the right-hand port is connected to a glass tubing
of 1/8" 0.D. and 1" long. This 1/8" glass tubing is
connected to a pressure guage (0-5 psig) by a flexible
Tygon tubing for measuring the operating pressure of the

reaction-distiilation systen.
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5.3,2 Temperature NMeasuring System

5¢3.2.1 For Reaction-Distillation Tray and Its

Accessories

Two sets of iron-constantan thermocouples are used
for measuring the temperatures in the liquid holdup

ag well as in the vapor withdrawal area. -These two

(6]

sets have the zame contiguration as shown in Fig. 5.4,
Each set constains a hot junction, a reference junction,
two sleeves, two leads, and two recorder adaptors.

The reference Jjunction is immersed in a tubin

9

(o

Ad

containing Dow Corning dielectric silicon fluid. Since
the tubing is immersed in an insulated ice bath, the
temperature of the silicon fluid can achieve a sizble 0 %
reference temperature after an overnight immersion of
the tubing in the ice bathe. It is noted that the dircct
immersicn of thermocouple in the ice bath sometimes may
lezd to inaccurate reference temperature if the ice bath
contains impurities, especially icnic impurities.

The hot junction is immersed in the reaction-dis-
tillation tray. Since the reaction system is very cor-
rosive, coating metal on the hot junction &s well as on
the thermocouple sleeves must be properly selected.

It is found from the experiment that type-316 or type-

347 stainless-steel ccating can be completely destroyed



in only one run. However, inconel, an nickle alloy,
has excellent resistance to this reaction system,
Throughout the entire experiments, only one inconel-
coated thermocouple is used without replacement.

Two constantan cords from the thermocouple leads
must be welded together at point C as shown in Fig. 5.4.
Thus, when the hot junction is immersed in a hot fluid,
the difference in conductance between the two metals
will prodﬁce a net thermo-electrical current. This
current is then detected and converted into voltage by
a “"Honeywell 19" two-pen recorder. For iron-constancan
thermocouple, 0,05 mv is equivalent to about 1 °C
if the reference temperature is 0 °C. The conversion
table for the iron-constantan thermocouple used in this
systvem is given in Table B.1 of Appendix B.

The hot junction for measuring .the liquid temperature
is located at about one third of total liguid height from
the liquid surface. At the first ten minuites of each
run, the bottom temperature is about 1 ¢ higher than

that at the above-mentioned location. This is because

all the heat of reaction ¢annot be dispersed fas® enough
-and is absorbed in the liquid: phase in this secticn.
However, after the initial period, a uniform temperature
throughcut the liguid holdup can be achieved with the
same apparatus described in Section 5.2. The mathemati-

cal model for semi-batch diatillation accompanied by
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chemical reactions deals with the above operating

pericd of uniform temperature distribution.

The hot junction for measuring the temperaturé of
the carrier gas-product vapor is located at the inter-
section between the center of the 2" horizontal pipe
and the right-hand edge of the vertical 2% pipe. This
location was considered as an ideal point for obtaining

average temperature of the gas-vapor mixture.

5¢342:2. For Isothermal Cil Bath

Since o0il bath temperature is constant throughaout
a run, it is not necessary to use thermocouple for mea-
suring temperature. A calibrated thermometer is then
employed for measuring the temperature of silicen fluid
in the oil bath. Deionized boiling water (100 °C) and
deionized ice water (0 °C) are the two checking points-
for this calibration.

-

5¢3s2e3 For Cryogenic Temperature

Temperatures cf the carrier gas, helium, in the vapor
sample bottle are well below the ice point. They can not
be measured by any thermometers, But the thermocouples

presented in Section 5.3.2.1 can be used Ior this purpose
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with a minor medification. The reguired modification
is tc shift the zero reference point on the Honeywell
16 Recorder from one end of the recorder chart to the
other end. Thus, negative voltages can be shown on

the recorder charts, Conversion of this negative volt-
age to a corresponding cryogenic temperature is alsc

given in Table B. 1 of Appendix B.

5.3+3 Preparation of Nonvolatile Reactant, Acrylamide

Sulfate

The molal ratio of acrylamide to sulfuric acid
used for preparing acrylamide sulfate for all experi-
mental runs is about 1:1.2, For comparison, each run
uses about one mole of acrylamide. This acrylamide sul-
fate solution is prepared separatly outside the reaction-
distillation tray as described belows

The weighed concentrated sulfuric acid (89.6 Wt % )
of desired quantity is heated in a 250-ml glass bezker
over an electric heater. The temperature of the sulfuric
acid can be increased rapidly up to 60-70 °¢ under agi-
tation. The temperatures are measured by the calibrated
thermometer described in Section 5.3.2, which is mainly
used for measuring the oil bath temperature, Then, the
weighed acrylamide of desired quantity is gradually added
also under agitation into the sulfuric acid in about 30

seconds. Because heat is evolved from the reaction be~
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tween these WO components as well as supplied by the
electrical heater, the liquid temperature can be further
increased up to 115-12%5 °¢ after all the desired quantity
of acrylamide is added. The temperature is normally
about 10-°C above the desired oil bath temperatures.
Since the prepared acrylamide sulfate must be fed through
a glass funnel, which 1is normally at room temperature,
the liquid temperature is then deéreased doﬁn fo about
the oil bath temperature. Whenever there are differences
between these two temperatures, it is necessary to wait
for about 25 minutes before the absolute difference be-
tween the two temperatures becomes less than an allowable
error of 0.02 °c, Then, an initial liquid temperature
equal to the oil bath temperature (surrounding temperature)
can then be reached.

As mentioned earlier, ethyl acrylaté from esteri-
fication between acrylamide sulfate and ethyl alcohol
may polymerize as soon as vinyl group is}freed from the
molecular complex, i.e., acrylamide sulfate. Thus, 0.2 ..
Wt % of hydrogquinone is then added into the acrylamide sul-
fate solution before feeding ethyl alcohol into the re-

zcetion-distillation tray.

5:3.4 Volatile Reaction Feed System

Volatile reactant, ethyl alcohol is prepared as an
86 Wt % aqueous solution. Sufficient amocunt of ethyl

alcchol solution for one run is stored in a 250-ml
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calibrated glass cylinder. The solution is first pumped
from the cylinder and its rate measured by a rotameter, It
is then preheated by the heat from the hot silicon fluid.in
the 0il bath before entering the reaction-distillation
tray. Details on the storages, cylinder pumping device,

rotameter and feed preheater are described as follows,
5.3.4.1 Storage Cylinder and Flow Rate Measurement

A capillary glass tubing with outside diameter of
1/4% and inside diameter of 1 mm is immersed in%to the
ethyl alcohol solution in the cylinder. Its open end iz
located 1 centimeter above the bottom of the cylinder.,
The other end is outside of the cylinder. It is reduncd
and then connected to a flexible Tygon tubing with out-
side diameter of 1/8% and wall thickness of 1/32%,

This Tygon tubing is extended to s pump for pumping the
solution from the cylinder to the reaction-distillation
tray.

When suction is obtained from the pump, the ethyl
alcohol solution will enter the open end of the capillary
tubing. The Solution level instantanecusly reduced in
the cylinder can then be read from the readings marked
on the cylinder,

With the amount of the solution ¢onsumed and the cor-
responding time measurement, the feed rate of the solu-

tion can be determined. Thus, this storage cylinder
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with calibrated volume serve as a.storage tank as well
as a device fer fine flow rate measurenment,

However, this device can 16t ve used for controll~
ing the desired flow rate. A rotameter is installed
for precetting the desired flow rate for each run.

The rotameter is located right after the discharge
stream from the feed pump. Gilmount No. 260 flowrator
is used for this service. Its calibration will be

presented later in details in Section 5.4,
5.3.&4.2 Feed pump

A polystalic pump manufactured by Bucher Instrv-
ments is very suitable for delivering coatinuous #mall
liquid stream ranged from 2 ml/hr %o 1000 ml/hr. iIn
this system, the observed flow rates are ranged from €C
to 120 ml/hr, which are well covered by the capacity
of this pump.

The pump has four‘parallel rotating stainless-steel
cylinders. On each rotating cylinder, there are ten
stainless-steel bearings. All the cylinders are attached
1o a variable internal motor; whose rate can be coﬁ-
troiled by a dial on the top panel c¢f the pump as shown

_ @
in Fig.5.5. Tne Tygon tubing mentioned in the previous
section is presced against on five of the ten bearings
for each rotating cylinder. The liquid solution then

moves in the same direction cof the rotating cylinder
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when the five bearings press the Tygen tubing against
a fixed vertical wall. Although the flow pattern pro-
duced by polystalic pump is slightly peristatic, the
amplitude of the peristalsis is constant and very small,
For example, for ethyl alcohol fed at 2 ml/min or 120
ml/hr +the rotameter reading is 60 + 0,2, The peristal-
tic duration is only 0.4 seconds. Therefore, this flow
patftern can be considered to be constant and stable,
Though there are four rotating cylinders, only one of
them is in use at any time,
5¢3.4.3 Feed Preheater

For the best feed rate measurement, aqueous ethyli
alohol solution is fed to the system in liquid state at
rocm temperature. The solution is then preheated %o
the desired relative ratio of vapor to total feed. AsS
mentioned in previous sections, the solution is prehested
by the heat from the hot silicon fluid in the oil bath.
Heat transfer surface is a glass tubing wall, or a
copper tubing wall, or both of them in series, It
low relative ratio of vapor to total feed is desired,
only a segment of glass tubing directly commected to
the bottom of the reaction-distillation tray is used
as preheater, This preheater is illustrated in Fig.
5.6.20 The heating section 1is an eleven-inch long
capillary glass tubing with inside diameter of 1 mm
and outside diameter of 1/4Y., The free end of

the heating tubing is connected by a swagelog elbow
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union to an upward glass tubing of the same size. The
other end of the upward glass tubing is reduced to a
size such that it can be fitted and connected to the
1/8" tygon tubing extended from polystalic pump. It is
noted that the free end cf the heating glass tubing must
be kept in a position that the elbow union is still under-
neath the surface of the o0il bath. This is because the
free end of the glass tubing should be éonnected tc a
copper tubing for high relative ratio of vapor to total
feed, If the union is exposed to the air, the vapor. from
the copper tubing will be condensed. Heat loss caused
by this false installation will lead to serious error in
determining relative ratio of vapor to total feed. The
preheater for higher relative ratio of vapor to tuial
feed is illustrated in Fig. 5.6.b.

In addition to the glass heating tubing mentioned
early in this section, a 48" long of spiral copper
tubing with outside diameter of 1/4" is used to increase
vapor ratio in the feed stream., At the downstream of
the copper tubing, a pressure gauge of 5 psig is attached
on the tubing to measure the pressure of the feed stream
at this point. For a given o0il bath temperature and a se-
lected flow rate, there is a corresponding pressure., This

pressure can be kept almost constant throughout a run im-
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plying that the feed flow rate can be steadily maintained.

Calibration of relative ratic of vapor to total feed will

be presented later in Section 5.4.
5¢3.5 Vapor Sampling Systemn

_ Vapor sampling system starts from the cylinder with
carrier gas helium to the vapor sample bottles immersed in
liquid nitrogen. Helium is delivered by pressure drop
at a fixed flow rate for all experimental runs. The rate
is set at 4.5 standard cubic ft per hour or 2170 nl/min.
Since the total volume in the helium path from the vapor
withdrawal section to the vapor sample bottle is 250 ml,
the above-mentioned carrier gas rate then reflects =
time lag of only 0.11 minutes compared a total of about
120 minutes of c¢peration time for each run. The error
caused by the time lag of vapor sample %o liquid sample
can then te reduced to minimum.

Vapor withdrawal section has been described in
Section 5.3.1., Here the discussion is devoted to vapor
condensation in liquid nitrogen, which is contained in
a 1200 ml dewzr for good insulation,

Two-stage sample bottles are used for trapping vapor
sample by liquid nitrogen and shown in Fig. 5.7. The
first stage is a small glass bottle with very thin wall
thickness., It has a diameter of 1,.,125" and height of

2", which can be used to contain vapor condensate up to
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25 ml. Two inlet and outlet glass arms are connected

to both sides of the upper edge of the bottle and ex~
tended straight upward. The inlet arm has a flat opening
end which can be attached onto the hot tubing extended
from the vapor withdrawal section. The outlet arm-of -
the first—stage tottle is connected by a U tube to the
second-stage bottle,

The second-stage bottle has two paralled vertical
glass tubings with an outside diameter of 1" and a length
of 5", They are on tops of a shallow cylinder of 3" in
diameter and 1" in height. This shallow cylinder is
designed to allow the entire sample bottle sitting stably
on the table or weighing pan. One of the two vertical
tubes is, of course, connected to the above-mentioned
U tube and the other is connected to a flexible rubber tube
by & special Teflon cap. The female screw in the Teflon
cap is fitted to the male screw on the glass tube for
connection., A hole is punched on the center of the
teflon cap. Then a small segment of teflon tubing with
outside diameter slightly greater than the hole is forced
into the hole for tight connection between the teflon
tube and teflon cap. The free end of the teflon tube
is then connected to a vent gas line by a piece of flexible
rubber tube. The sample of the vent gas can then be
taken by a gas sampling syringe at the flexible rubber

tube for analysis.
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Within the two parallel vertical tubes and the
shallow cylinder, fine glass fiber is packed for fil-
tration purposge, The outlet temperature of the exhausted
gas in the bottle beneath liquid nitrogen level is mea-
sured to be -192 ¢ by the thermocouple described in
Section 5.3.2.3. At such cryogenic temperature all the
vapors in the system become crystals. Although most of
vapors are condensed in the first stage of the vapor
sample bottle, the rest of vapor may become particles
suspending in the helium stream. These particles can
not be adsorpted simply by glass wall., Therefore, fine
glass fiber must be provided for a complete colléection
of all the vapor components by filtraticn.

Since the product vapor mixture is a continuous
stream, the sampling devices should permit an immediate
ghift of the vapor stream from one sample bottle to
another without any mass loss. Therefore, two vapor
sample bottles must be connected in parrallel to the
hot helium-vapor line for this purpose. The dgyices are
illustrated in Fig. 5.8.

The down-stream tubing for hot helium-vapor stream
from the reaction-distillation tray extends for 13 inches
before bended vertically downward for 3 inches. A small
port is installed at the elbow as a path way for thermo-
couple, The port is covered by a silicon rubber cap for

sealing., The vertical tube is then connected to a three-
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way stopcock. The other two ways of the stopcock are

° decli-

connected to two symmetric glass tubes with 30
nation. The declined tubes are then bended downward
vertically for adopting two vapor sample bottles by
tubing unions.,

At the center points of the two declined tubes,
the declined tubes are connected to another set of
three-way stopcock unit., The free end of its three paths
is connected to helium gas cylinder by a flexible rubher’
tubing. The purpose of this device is to expel air in
the vapor sample bottle by helium befcre it is surrounded
by liguid nitrogen because oxygen in the air is condsn-
sible at liquid nitrogen temperature. The flow rate of
this helium stream can also be measured by a rotameter,

It is noted that the glass tubing in the regions

with hot vapor stream are wrapped by heating tape to

prevent vapor from condensing on the tubing walls.
5.3.6 Liquid Sampling System

As the reaction-distillation tray is immersed in
an 0il bath, liquid samples should be taken -from the
sample port located on the top of the 2" horizontal pipe
as shown in PFig. 5.2. The distance between the liquid
holdup and the sample port requires a syringe with an 8"~
long needle. Cast stainless-steel of type-316 is used

as the material of the needle. It has much better cor-



i64

rosive resistance to the reacting liquid mixture than
the weld type~316 stainless steel used for coating on
thermocouple as mentioned previously. For more than
one-hundred liquid samplings no visible corrosion on
the needle, i.e., no visible reduction in needle dia- -
meter, is found.

To overcome high liquid head in the long syringe
needle, a Glenco gas-tight glass syringe is used. It
has a maximum capacity of 10 ml with an adapter fitted
to Hamilton syringe needle with gauge number of 18,

The strong suction of this gas-tight syringe greatly
reduces the time required for taking a liquid sample.

Since acrylamide and ammonium bisulfate in the
system are in solid state at room temperature. If the
syringe needle is not preheated before 1liquid sanpling,
these two compounds will bte crystalized inside the necedle
as soon as the needle is pulled from the hot liquid holdup.
The crystallized compounds block the path way of the
needle and make sampling become completely impossible,
Thus, a copper tubing with a sealed end is used for
preheating the needle, The copper tubing is immersed
“in the hot o0il bath and has an outside diameter of 1/3"
and a length of 8". For similar reason,'angther piece
of copper tubing immersed in the o0il bath is alsoc used
to preheat the glass syringe to avoid crystallization

in the syringe. This copper tubing has a larger diameter
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of 7/8" and a shorter length of 6". The syringe and
syringe needle must be inserted into the above mentioned
two heating tubes at least 5 minutes before taking liquid
sample. Thus, the temperatures of the syringe and the
syringe needle can become high enough to maintain the
liguid sample as a clear brown liquid solution. The
liquid sample is then injected into a liguid sample
bottle. The liquid sample bottle is illustrated in

Fig. 5.9. It is a 1/2" x 2" cylindrical vial. A silicon
rubber stopper with reversible sleeve provides path way
for syringe needle and simultaneouly gives an excellent

seal for the bottle.

Avﬂrﬂv~6H460NE RUBSER
A oTorPeRr ’

L_— STYRINGE NEEDLE
= L—Liguip 2ampLe
L — WATER

Fig. 5.9 Liquid Sample Bottle
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In order to terminate reactioné in the liquid sample,
co0ld water is used to quench the liquid sample. Since
the liquid sample becomes partially crystallized at low
temperature, this cold water also becomes a good solvent
for dissolving all solid compounds in the liquid sample.
As the bottle is entirely closed, injection of liguid
sample will increase the internal pressure of the bottle.
This increased internal pressure reduces sample injec-
tion rate and even pushes away the rubber stopper. There-
fore, all the liquid sample bottles are partially va-
cuurmmed in sdvance by a gas-tight'syringe to provide fast
sample injection rate and to secure the rubber stopper.
During the sample injection, the needle tip must
not be in touch with cold water in the bottle. Otherwise,
nonvolatile compounds may be crystallized in the needle
to block the sample path way. As soon as the sample is
injected into the water, the sample bottle is shaked
violently to speedup quench function as well as dis-
solution of solid compounds in the sample. A clear liquid
solution is then obtained, and immersed in ice bath for

sample analysis.
5+:3.7 Sample Analysis by Gas Chromatography

Gaw Lac Model 69-500 Gas Chromatography is used
in this éystem for sample analysis, Its detector is a

thermal conductivity cell. Although @ hydrogen flame
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ionization detector is more sensitive to organic com-
pounds, it cannot be used here because the system con-
tains water., Its oven can house two columns of same
size, and same packed material for producing same chro-
matograms. As mentioned in Section 5.2, gas chroma-
tographic columns used in this work are self prepared.
Since good separation for the components in a sample
greatly depend on the quality of a packed colunn, pre-
paration of the packed column is then presented first

in this section.
5:3¢7.1 Preparation of Packed Column

Carbowax 1000 and Chromosob W 80/100 have been
selected previously as stationary phase and support
respectively., The next step is to coat Carbowax 1000
cn Chromosorb W 80/100. A desired amount of Carbowsx
1000 is dissolved in the solvent,methylene chloride, in
a flask. The corresponding amount of Chromosorb W, which
makes 35 Wt % of Carboﬁax 1000 on this support, is placed
in a shallow porcelein dish. Then pour the methylene
"chloride solﬁtion in the Chromosorb W with constant and
mild stirring. The solvent is then gradually evaporated
from the dish, where heat is supplied from a heater
underneath it. The temperature of the heater is gener-
ally controlled slightly below the boiling point of

the solvent. For this case, temperature is adjusted at
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about 40-50 °c. As soon as the coated support is com-
pletely solvent free, it is then ready for being packed
into a column.

According to Horvath ( 14 ), small-diameter columns
with inside diameters from 2-3 mm are most adequate
for analytical purpose., Thus, the tube used in this
work have outside diameter of 1/8" and inside diameter
of 3/32", which is equivalent to 2.4 rm. Two six-foot
stainless-steel tubes of the above mentioned size are then
cleaned and dried for column packing. The method of
packing the coated support into the stainless-steel tubes
is illustrated in Fig. 5. 10.

The methed employs a vacuum pump to provide a suc-
tion force such that the support can be forced into the
tube. It is used here because it is easy to operate and
its low pressure drop across the column does not seri-
ously crush the particles of the support.

° from the floor. On

The tube is declined 45-60
its top, it is connected to a small glass funnel by a
small segment of flexible Tygon tube. To pack the column,
the packing material is fed into the column from the
- funnel. At the bottom of the tubé, it is connected to
one end of a Nupro filter by a tube union. The other end
- of the filter is further connected to the vacuun pump.

In the filter, the filtration is performed by a 50-60 s

sintered metal which prevents the packing material
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from entering the vacuum pump. The upper space of the
filter is filled with glass beads to serve as the fil-
tra;ion nedia and thus reduce the amount of the packing
material falling into the filter. Although pressure drop
presents thé entire column tube, the small inside dia-
meter of the tube reduces incoming flow rate of the sup-
port. Therefore; tapping must be applied by a metal bar
on the tube, It is better to tap the tube up-and-down
lightly until the packing is finished. The packed column
is then removed from the packing system and inserted with
fine glass fiber on both of its ends. All the pro-
cedures are then repeated for packing the ancther column.
Finally, both of the column tubes are bent into coilsg and
connected by Swagelog tube fittings onto the tube adaptors
in the column oven of the gas chromatography.

Now, the next step is to condition the prepared
columns. At first, each column is only connecfed to
the sample injection chamber. The other end is let free
to avoid the contamination of detector filament at the
beginning of column conditioning. Helium of 99.995 %
is used as carrier gas. The flow rate is set at 30 ml/min
The oven tempefature is adjusted at 125 OC, maximum
suggested temperature for the Carbowax 1000, The column
is then operated overnight at the above mentioned con-
ditions. Next, the column is attached to the tube adaptor
in the oven, which is comnected to the defector. The

detector temperature is set at 110 °C while the oven
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temperature is reduced from 125 °¢ to 100 °C and the
carrier gas is increased from 30 ml/min to 50 ml/min
with a gauge pressure of 60 psig. The current of the de-
tector filament is set at 180 ma at 110 °c detector
temperature, The current may be adjusted slightly higher
or lower than 180 ma depending upon the size of the sam-
ple. After another 24 hours, a stable base line can be
obtained and no impurities can be observed from the

chromatograms. The column is then ready for sample ana-

lysis, It is operated isothermally.
563:7¢2 Sample Analysis

1, Vapor Sample:

Most of vapor sample is in solid state when it is
removed from the liquid nitrogen bath, The vapor sample
bottle is then flushed by warm water until the entire
vapor sampie becomes liquid state. This step takes about
30 sccends. The beitle is then weighed by an electronic
balance €0 get total weight of the sample. Since some
vapor sample is caught in glass fiber, about 60-ml ace~
tone per sample is added into the bottle to extract it
out and also to mix uniformly all the vapor sample. :

For better results, l-propanol is used as reference
compound in gas éhromatographic analysis. The amount

of this reference compound must be knovn. It can be
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calculated from the difference between the weights of
bottle before and after the addition of l-propanol.
A typical gas chromatogram for a vapor sample is shown

5.11. Very clear peak separation among all the

in Fig. 5
compenants including acetone and l-propanol in the sample
bottle can be observed., This demonstrates that the
prepared column is excellent for analyzing the compounds
in this system. The peak area for each compound is
measured by a Hudron planimeter. The measured area
for each peak should be devided by the antenuator shown
on the top of the peak. The resulting areas for all
the compound then has the same basis.

Although water peak has a long tailing because of
its high polarity, its relatively small guantity in the
entire sample does not produce & significant effect on
analysis for major compounds such as ethyl acrylate and
ethyl -alcohol. The area ratio of a component tc 1-pro-
panol as measured above dces not reflect actual weight
ratio between the two components, Therefore, relationship
betweenAarea ratio and weight ratio for a component to the
reference compound, l-propanol must be determined
from blank test on gas chromatography. Calibration

between these ratios will be presented later in Section

5.0,

2. Liquid Sample
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The molal quantities in the liquid holdup are cal-
culated from the instantaneously stochiometric balance
on the basis of the accumulated feed quantities,; vapor
condensate, and reaction relationship. Therefore, ocnly -
relative ratios among ethyl alcohol, ethyl acrylate,
diethyl ether, and ﬁ-ethoxy ethyl propionate are needed
to be determined, No reference compound is.used in liquid
sample because the presence of sulfuric acid in the liquid
csample can cause serious side reactions with l-propanol.
and thus produces unclear gas chromatograms.

A typical gas chromatogram for a liquid sample is
shown in Fig. 5.12. A slight shift in base line is caused
by the deposit of nonvolatile compounds and sulfuric acid,.
This shift may be assumed to have negligible error in
determination of relative areas among the different peaks.
Because of the effect of sulfuric acid, inorganic non-
volatile compounds, the peak of ethyl alcohol has a tailing
effect which overlaps the peak of ethyl acrylate. The
relationship between the two over-lapped compounds has
been determined by blank test. The shaded area all be-
longs to ethyl alcohol and that of the unshaded peak belongs
to ethyl acrylate. Since large amount of water is used
10 quench the liguid sample and to dissolve its solid
compound, the peak of water in the gas chromatographic

chart 1s then very large. Since the quanity of water
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produced can be calculated from the amount of diethyl
ether produced, its peak in this chromatogram is not

used to determine its quantity. It is noted that diethyl
ether does not show on the chart of the liquid sample.
All the diethyl ether produced in the reaction is evapo-
rated and appears in the vapor condensate sample. Cali-
bration of gas chromatographical area ratio as a func-
tion of actual weight ratio will be presented in Section

S5ekte

5.4 Equipment Calibration

Several equipment used in the experimental systemn

are calibrated by the precedures described below,
5.4.,1 Feed Flow Rate

The feed flow rate is one of the three operating
parameters in the system. It is measured by a Roger
Gilmont rotameter. For calibriation purpose, a three-~
way stopcock is equipped on the top of the rotameter,

One of the two outlets of the stopcock goes to the reac-
tion~distillation tray. The other is a free end. During
-calibration , this free end is attached by a glass cylin-
der as a collection bottle while agueous ethyl alcohol
solution flow through the rotameter, For a preset ro-
tameter reading, an accumulated amount of ethyl alcohol

solution is weighed with respect to the measured time
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interval. Then the mass flow rate of the feed can be
calculated for its corresponding reading on the rota-
meter. If a volume flow rate, is preferred, the density
of +the prepared aqueous alcchol solution can be used to
convert the mass flow rate into . the volume flow rate.
All the calibrated volumetric. feed rate fof the Gilmont

rotameter is given in Fig. B.2 of Appendix B.

5.4,2 Overall Heat Transfer Goefficient Across the Wall

-of the Reaction-Distillation Tray'

. Boiling water, boiling ethyl alcohol and nonvelatile
glycerine are the threec materials used to simulate the
liguid mixture in the reaction-distillation tray. over-
all heat transfer coefficient for each of the above three
materials across the wall of the reaction-distillation
tray is measured separatly. Since the wvariations among
the three sets of measured overall heat transfer coeffi-
cient are small, their average value is then used as a
simulated overall heat transfer coefficient for the reac-
tion-distillation liguid mixture. Detailed techniques
for measuring the above three sets of overall heat

transfer coefficients are described as follows.

5.%.2.1 Overall Heat Transfer Coefficient of Boiling

Water in the Reaction-Distillation Tray

A fixed amount of water is preheated up to about



178

g0 %¢ and then put into the reaction-distillation tray.
The oil bath temperature is set higher than the bolling
point of water such that water in the reaction-distilla-
tion tray can be heated up to its boiling point and also
kept boiling at the boiling point. It is noted that no
water is fed into the reaction-distillation tray during
this measurement. Thus, all the heat transferred across
the wall of the reaction-distillation tray contributes

to evaporate vwater vapor. The amcunt of heat transferred
can then be calculated from water vaporization rate and

‘heat of vaporization of water by the following equation:

Q =:XH20VH20 | (5-1)

where
Q = heat transfer rate across the wall of the reac-
tion~distillation tray
vHéozvapor mass flow rate of water, i,e. vaporization
rate
:\H20=heat of vaporization of water
From the definition of overall heat transfer coefficient
Q can be alternatively represented by
Q=Uua. (2, -1T) | (5-2)
where
ai = jinside heat transfer area of the reaction-
 distillation tray



U. = cverall heat transfer coefficient referred

to inside heat transfer area

o 0il bath temperature

T
T = liquid temperature in the reaction-distillation

tray

Equating the above two equations and removing the term,
ai(To - T) to the other side give the following working

equation for Uy s

NGNS (5-3)

The water vapor rate, VHZO’ can be calculated from
the amount of water vapor condensate collected within a
measured time interval., The experimental apparatus
introduced in Section 5.3.6 for vapor sampling can be
used to measure water vapor condensate, and a stop watch
to measure the time interval. If the temperature driving
force, (To - T), which is constant throughout a measur-
ing period, is not large, evaporation rate will be small,
And, i1f the temperature driving force is too small,
amount of water evaporated will be too small, This may re-

duce the accuracy in calculated total heat transfer rate

across the wall of the reaction-distillation tray. There- .

fore, three oil bath temperatures, 105 , 110 and 115 O, -
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which can provide moderate temperature driving forces,
are used. Before calculating heat transfer area, Y
the aerated volume must be determined first.

The aerated water volume is calculated from the

follewing equation:

5 /
(WO - WC/Z)

v, = y: X € (5-4)
where

vy = aerated water volune

wo = gmount of water in the reaction-distillation

tray at the beginning of measurement
W_ = amount of water vapor condensate collected
at the end of measurement
f = water density at 100 °C
€ = volumetric ratio of aerated water to clear
water
The term, €, is predetermined to bve 1.06. The procedures
are described below. The clear water volume 1is calculated
from water quantity and water density. The aerated
volume is obtained by first measuring the height of the
aerated water and then using the calibration chart given
in Fig. B«3 of Appendix B for the volume of aerated water.
when the aerated volume, Vg is determined from
Equation (5-4), its corresponding heat transfer area, which
can not be directly measured in this reaction-distillation
system, can bé obtained from a calibration curve also given

in Fig. B«3. For computer calculations in the program



MODEL, this calibration curve has been fitted by a poly-
nomial equation. The program MODEL is a computer sinu-
lation for the mathematical model of semi-batch distilla-

tion accompanied by chemical reaction.

Now, all the terms on the right-hand side of Equa-
tion (5-3) are known, the overall heat transfer qoeffi-
cient, U;, can then be calculated. Since the reéction~
distillation liguid is mixed by a stirrer at aﬁout 1000
rpm, the overall heat transfer coefficient of the boil-
ing water is also measured at the saﬁe stirring speed,

The measured results are listed as follows,

Tc, °c (TO~T), °¢ Uss cal/min—oC—cm2
105 5 0,180
110 10 0.18%
115 15 0.185

An average value of 0,183 cal/min-OC-cm2 for the above

three quantities is then used to represent the overall
heat transfer coefficient of boiling water in the reac-

tion-distillation tray.

5.4.2.,2 Overall Heat Transfer Coefficient of Boiling

Ethyl Alcohol in the Reaction-Distillation Tray

The method and equations given in the previous
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section are also used here to meazsure overall heat trans-
fer coefficient of boiling ethyl alcohol in the reaction-
distillation tray. Three oil bath temperatures, 85, 90
and 95 O¢ are used to provide temperature driving forces
close to those shown in the previous section. It is
noted that boiling point of ethyl alcohol is 78,4_°c.

The results are listed as follows.

7, °¢  (r,-1), % u,, cal/min-C-cn®
85 6.6 04150
90 11.6 0.152
95 16.6 0.152

A <. O .
An average value of 0.15ical/min- u-cm2 is then used
to represent the overall heat transfer coefficient of

boiling ethyl alcohol in the reaction-distillation tray,

5,4,2,3 Overall Heat Transfer Coefficient of Nonvola-
tile Glycerine in the Reaction-Distillation

Tray

Vapor pressure of glycerine is very smalls There-
fere,: during the determination of overall heat transfer
coefficient using glycerine, there is no vaporization
of glycerine in the reaction-distillation tray. All
the heat transferred from the o0il bath then contributes
to increase the temperature cf glycerine. The glycerine

is aiso completelY mixed in a similar manner as used in
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the two previous cases, For any instant, the energy ba-
lance regquire that the rate changes of heat transfer and
internal energy increase should be equal, Thus,

aE _ ,

At atmospheric pressure, the differential internal

energy, 4dE, may be approximated by

dE= d(h—pv)g édh = deT

Substituting the above relationship into Egquation(5-5)

yields a

T - ~T)
MC, 5% = Uz (Ty-T)

If the temperature range is narrow, an average heat capacity
Gp, may be used to replace Cp without any significant szrrov.
Then the above equation can be readily integrated to givs

the following working equation for overall heat transfer

coefficient:

- T -T
MC. 1n == 1
p To-To
Ui = —&; \ (5-6)
where
1 =subscript to represent the initial conditions
2 =subscript to represent the final conditions
5p=average heat capacity
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Two 0il bath temperatures, 105 and 115 °C are used and
the temperature rise for glycerine is in the range of

70 to 85 ®C. The results are listed as follows.

9 u., cal/min—OC-cm2
O, i
115 0.149
105 0.145

An average value of 0.147 cal/min-OC-cm2 is then used
to represent overall heat transfer coefficient of non-

volatile glycerine in the reaction-distillation tray.

5.4,2.4 Overall Heat Transfer Coefficient of the

Rezction-Distillation Ligquid Mixture

The reaction-distillation liquid mixture contains
both volatile components such as ethyl alcohol and water,
and very nonvolatile components such as sulfuric acid and
ammonium bisulfate. Therefore, a simulated overall heat
transfer coefficient calculated from an average of the
above three experimental overall heat transfer coefficients
is then used for the reaction-distillation liquid holdups.
The calculated average value is 0,16 cal/min-OC—cmz.
Since the liquid inside the reaction-distillation tray
is boiling and under a vigrous stirring, its resistance
to heat transfey should be much smaller than that of the

silicon film on the outside wall of the reaction-distillation

system. The silicon fluid is very nonvolatile and stiired
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mildly. The silicon film on the outside of the glass

wall and the glass wall itself are the major components

of the overall heat transfer resistance. This is verified
by the fact that the overall heat transfer coefficients
determined by using the three different fluids in the
system are about the same. Therefore, the use of an .

average overall heat transfer coefficient is justified.
5.4+3 Relative Ratio of Vapor to Total Feed

- The relative ratio of vapor to total feed is used
to calculate the inlet enthalpy of the feed stream.
According to the definition of the system, the inle%
enthalpy of the feed stream should be that at the micro
sieve tray entry, or morc precisely, right beforc its mixing
with the liquid holdup. Because of the élass—blowing tech-
nique, the feed glass tube is connected to the botécm c¢f the
reaction-distillation tray as a whole piece. Thus, the
feed enthalpy 1is best measured with the same preheater
(feed tubing) and under the same operating conditions
as used in the reaction-distillation system except tha{
glycerine is used as liquid holdup. The incoming aqueous
ethyl alcohol solution is absorbed into glycerine wifh-
out chemical reaction. When the vapor in the feed stream
is absorbed by glycerine, an apprecilable amount of heat
will be released because the absorbed vapor is condensed

into +the liquid holdup. This relesased heat of conden-
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pation will then increase the temperature of glycerine.
The.overall heat transfer coefficient across the wall of
the reaction-distillation tray with such an additional
insulation by Teflon sheet is then measured by the same
procedures described in Section 5.4.2.3. _The new measured
overall heat transfer coefficient is 0,056 cal/hin-OC-cmz,
which is much smaller than the original 0.16 cal/min—oc-cmz.
The instantaneocus energy bhalance around the reaction-
distillation tray can be repressented by

H INPIN

a ¢ .
'TTE\BHI)“V

NNt

For a small measuring period, average liquid heldup,
heat capacity, and heat transfer area may be employed.
Then, the above equation can be reduced to the follcoving
equation:

bn- g;‘l: —— - f
MC, &% = Vinfon * Ipby t Usai(T,-T)

Integration of the above equation yield:

Vo Hop + Loghey  To = Toe” 2 0%
InCIN tohanfin T2 T 1 o (5-7)
where
0( - Uial
MEP
A1t = measured time interval
Tl = temperature of glycerine before absorbing ethyl

alcohol solution



T, = temperature of glycerine at the end of a mea-~

2
suring period

At a high ethyl alcohol concentration, egquilibrium
compositions of vapor and liquid very close., Therefore,
it may be assumed that the vapor composition is the same as
the feed composition. Thus, the inlet enthalpy can be
expressed as a function of heat of vaporization, total

feed rate and relative ratio of vapor to total feed as

follows:
: ] = (U 3
Vigoy + Bpbpy = ($2+ hplF
where
{# = relative ratio cf vapor to total feed
F = total feed rate
X = heat of vaporization of feed stream
hF = liguid enthalpy for total feed at the exit tem-

perature of the preheater
Substituting the above equation into Equation (5-7)
and rearranging the equation will give the following
working equation to determine the relative ratio cf
vapor to total feed.
Uiaj{‘l‘z T,e” xot
AF L1+ e *F

hF -8
W= - To] (5-8)

As mentioned in Section 5.3.4.3, glase tubing is
used for generating a low relative ratio of vapor to

total feed and copper tubing plus the above mentioned
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glass tubing is used to generate a high relative ratio
of vapor to total feed., For each set of operating con-
ditions, .i.e., 0il bath temperature, feed rate, and tub-
ing material, the experiments are repeated twice,

The average value of ¢'s determined by Equation (5-8)
is plotted in Fig. B.4. of Appendix B and its smoothed
curve is used as the calibration for relative ratio

of vapor to total feed. Figure B.k shows that at a
higher flow rate, the relative ratio of vapor to total
feed is smaller if the other operating conditions such
as the oil bath temperature and tubing material do nob
change. Though an increase in inside flow réte can
increase the inside film heat transfer rate, it ig {oo

small to affect an overall heat transfer coefficient.

5.4.4 Relation between Weight Ratioc and Area Ratio

in Gas Chromatography

As mentioned in Section 5.3.5. l-propanol is used
as the reference compcund in gas chromagraphical analysis,
Therefore, for each volatile compound except ﬁ-ethoxy
ethyl propionate in the system, serveral samples with
different weight ratios to l-propanol are prepared for
blank test. The peak areas of the test compound and
l-propanol from the chromatographical analysis are then
integrated by a Hudron planimeter. The weight ratios

are then plotted against the corresponding area ratios
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as shown in Fig.B.5 of Appendix B. It is found that ethyl
acrylate and ethyl alcohol have the constant relation-
ships between the ratios. But the similar relationships
for water and diethyl ether are functions of weight
ratios. As mentioned in Section 5.2, @-ethoxy—ethyl
propionate can not be purchased from commercial sources
for use in a blank test. Since the system contains only
a trace amount of this by-product, any error introduced
by a simplifying assumption is negligible. It is assumed
that the weight and the area ratios for this ccmpound are
the same,

All the smoothed curves in Fig. B.5 have been fitted
into polyncmial equaticns and used by the computer prozrom
LABDATA, That is, all the gas chromatographical analysis
obtained from area ratios into actual weight ratios by

these polynomial equations is in the program LABDATA,

5.4.5 Heat of Reaction for the Reaction between

Acrylamide and Sulfuric Acid

Heat of reaction for the reaction between acry-
lamide and sulfuric acid is required for calculating heat
of formation of molecular complex, acrylamide sulfate.
Then the heat of formation of acrylamide sulfate is used
to calculate the heats of reaction for esterification and
successive réaction on the basic of Hess'® léw. The heat

of reaction between acrylamide and sulfuric acid is
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measured as follows.

A 250-ml beaker containing 131.3 grams of sulfuric
acid solution of 89.6 Wt %, which is equivalent fto 1.
moles of pure sulfuric acid, is immersed in the oil bat
at 80 °C. Temperature of sulfuric acid is finally
reached at 80 °C, Then, 71.1 grams or 1 mole of acryl-
amide at the room temperature,_25 OC, is added into the
sulfuric acid solution under continuous stirring. The
released heat from the reaction between sulfuric acid
and acrylamicde not only melts crystalline acrylamide
but alsc raise the temperature of the formed acrylamriide
sulfate solution to 89.2 °C. The heat of reaction is
then equal to the heat required to melt acrylamide and
raises temperatures of acrylamide from 25 “C to 89.2 °C
and sulfuric acid from 80 °C to 89.2 °C. The calculation

procedures are given as follows.

1. Heat of Fusion of Acrylamide:

General correlation for heat of fusion has been
unsuccessful, However, entropies of fusicn of homologous
éompounds are generally very close while those of heter-
ogenous compounds are widely apart as shovn below.

Entropy of Fusion

Paraffins cal/g—mole—OK

n-Hexane 17.51

n-Heptane 18.37
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Naphthene

Cyclohexane 2.28

1,cis'-2-Dimethyl Cyclohexane 1.76
Aromatics

Benzene : - 8473
. Toluene 8.83

Therefore, the best estimate for heat of fusion is to
use *the entropy of fusion of a homologous compound with
known heat of fusion or entropy of fusion. The closest
compound to acrylamide with known heat of fusion is
cyananide (52). It is then used to estimate the heat of

fusion of acrylamide as follows.,

Compound Melting Point Heat of Fusion
0 Kcal/g-mole
Cyanamidé Ll 2,09
Acrylamide 84,5 X
- 27342 + 84.5 _ . '
x=2,09x 555 ¥ L = 2.36 Kcal/g-mole

2., Sensible Heat:
For pure sulfuric acid
Cp .
"hy = 131.3 x 0.896 x 0.38(89.,2 -80) x 107~

0.38 cal/e-°C

= 0.41 Kcal/g-mole acrylamide

For water
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al
1

1,0 cal/g-°C
131.3 x(1-0.896) x 1.0(89.2-80) x 10~

=
N
i

=0,12 cal/g-mole acrylamide

For acrylamide

Ep 0.60 cal/s-°C
By

i

9101 X 0460 x(89.2 = 25.,0) x 107

= 2,73 Kecal/g-mole acrylamide

3. Heat of Reaction:
Difference in heat capacities between the reactant
and the product is assumed to Re negligible. Then heat
of reaction for this reaction, Reaction 4 is equal to

the sum of the above four energy terms:

+ h
h, * 13

=2,36 + 041 + 0.12 + 2,73

AHR4=1T + hy 4+
=5,62 Kcal/g-mcle acrylamide

5.5 Experimental Procedures
5¢5.1 Preparatory Work
1. Turn on the gas chromatographic equipment at
least 48 hours before sample analysis. 7
2. Prepare vapor sample bottle following the method
given in Section 5.3.5.
3« Prepare liquid sample bottle fcllowing the method

given in Section5.3.6
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Ik, Before the addition of silicon fluid into the
0il bath, assemble experimental apparatus according to
the flow scheme shown in Fig. 5.1.

5 Aéd silicon fluid into the oil bath, turn on the
heater and the stirrer, and set the desired temperature
of the oil bath. |

6. Feed nitrogen gas into the vapor withdrawal system
for preheating the systenm,

7« Turn on heating tépos and heating mantle along
the vapor withdrawal line and set the desired temperature,

8. It takes at least an hour before the constant
temperatures both in the o0il bath and the wvapor with-
drawal system are reached.

9. Preheat the liquid sample syringe and syrirge
needle following the method given in Section 5.3.6.

10 Shift the above nitrogen gas to carrier gas
heliumn,

11, Feed the auxiliary helium into the vapor sample
bottles to expel air in the bottles,

12, Two minutes later, pour liquid nitrogen into
the 1200 ml dewar to immerse vapor sample bottles about
1/2" below the U tube of the bottle.

13. Another three minutes later, close the auxiliary
helium stream and open the carrier gas helium stream.

- 14, Prepare nbnvolatile reactant, acrylamide sulfate

sclution fellowing the method given in Section 5,3,.3
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15, Pour the above prepared acrylamide sulfate
solution into the reaction-distillation tray‘through
the largest vertical port.

16, Seal the largest vertical port by a large Teflon
stopper equipped with a silicon-Teflon rubber, and seal
other ﬁwo vertical ports with silicon rubber stopper
with reversible sleeves,

17, Insert thermocourles through the above mentioned
silicon-Teflon rubber or silicon rubber stopper for
measuring liguid and carrier gas temperatures.

18, As soon as the temperature in the liquid holdup
(acrylamide sulfate solution) become the same as o0il
bath {temperature, or the difference betwcen the two tem-
peratures becones less than 0.02 OC, the system is ready
for conducting an experiment on semi-batch distillation

accompanied by chemical reaction.

5502 Reaction-distillation Experiment and Vapor
Liquid Sampling

19, First close the feed line to the reaction-distilla-
tion tray but open the flow path to the glass cylinder.
The latter is used for the feed rate adjustment and
calibration,

20, Turn on the feed pump and adjust its variable dial

for ‘the rotameter reading equivalent to the desired flow

rate,
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21. As soon as the desired flow rate is obtained,
turn the three-way stopcock to shift the feed flow from
the glass cylinder to the reaction-distiliation tray.

22. Notice that a sudden decrease iﬁ rotameter
reading cén be observed at this moment because a sudden
vaporization occurs in the preheater and consequently
increases the preésure drop across the micro-sieve tray.
Therefore, readjust the dial on the feed pump immediately.
It takes only 5 to 15 seconds to get another steady ard
constant flow at the desired flow rate,

23, At the desired sampling time, take the ligvid
sample by a Glenco gas-tight syringe through the liguid
sample port.

24, Inject the liquid sample into the coid liguid
sample bottle to quench immediately the reaction,

25+ Immerse the liquid sample bottle in an ice bath to
keep it from reacting. Then take the vapor sample by shifting
the helium-product vapor stream into a previously empty
bottle for next vapor sampling. The shifting can be
accomplished by truning the three way stopcock on the
upper part of the gas-shifting device shown in Fig. 5.8.

26, Remove the vapor sample bottlerwith the vapor
condensate from the gas-shifting device. Seal the bottle
with a silicon rubbter stopper and then flush the bottle
surface with tap water until all the frozen solids are

nelted,
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27. Clean the contaminatéd syringe and syringe needle
used in Steps 23 and 24 for liguid sanmpling. If cpare
syringes and syringe needles are enough for a complete
experimental run, this step can be skipped. Otherwise, a
longer time period between two samplings must be allowed
because this stép requires at least 5 minutes, The
- cleaned syringe and syringe needle are then preheated
following the method given in Section 5.3.6.

28. Replace the liquid nitrogen-céntaining dewar,
which was used to condense the previous vapor sample,
by an empty dewar. Attach a new empty vapor sample
bottle on the gas-shifting device. The empty devwar
should be adjusted so that the empty vapor sample i:0%ttlo
can be suspended right above ite center bottom,

29. Blow auxiliary helium stream through the empty
vapor sample bottle to expel the air in it for about
two minutes. Then, pour liquid nitrogen into the dewar
10 pre-cool the vapor sample bottle. The liquid nitrogen
level should be about one centimeter below the horizcntal
connecting tube in the sample bottle.

30, Repeat Steps 23 through 29 for next set of liquid
and vapor samplings until the end of an experimental run.
| 31. Remove reaction residue from the reaction-dis-
tillation tray and then clean all the experimental appra-

tus for next experimental run.



32, Finally, analyze all the colleccted vapor and
liguid samples by the gas chromatography following the

methods given in Section 5.3.7.2.

~J
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Chapter 6 Analysis of Experimental Data
and Correlation of Operating

Parameters

6.1 Treatment of Experimental Data

Data obtained from the experiments. described in
the previous chapter include the followings
(1) Composition analyses of vapor and licuid samples
by gas chfomatograph
(2) Accumulated vapor condenséte for each Qapor sample
(3) Instantaneous ligquid temperature
The above data were oblained for different sets of opzrs-
tion conditions. Three operating parameters discussed in
Chapter 4 define the conditions for each experimental run.
These oprerating parameters ares
(4) Initial and constant surrounding temperature
(5) Feed rate of aqueous alcohol sclution
(6) Relative ratio of vépor to total feed
Among the above six different data, values of items (4)
and (6) are used for energy balance calculations only.
For the system investigated in this study, the energy
balance calculations are required for solving the mathe-
matical model of the semi-batch distillation accompanied
by chemical reaction. The energy balance based on the

mathematical model will be discussed in next chapter.
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Thus, data analysis presented in this chapter will deal
with the remaining four items, i.e., Items (1), (2), (3)
and (5). These are required for correlating “chemical®
vapor-liquid equilibria and reaction rates. The corre-
lations, in turn, provide numerical values for verifying

the mathematical model as discussed in Chapter 7.
6.1.1 Vapor and Liquid Compositions

The individual vapor molal quantities of a wvapor
sample can be calculated from its total weight and gas
chromatographical analysis obtained in the previous
chapter. The required calibration curves for converting
the relative area ratios to the weight ratio of a couw- .
ponent to l-proranol are given in Fig. B.5 of Appendix B.
The vapor molal guantities for a compound determined above
at different time intervals are then added to get the ac-
cunulated vapor molal guantity. The derivative of the
smoothed curve of this accumulated quantity at any nmoment
then becomes its instantaneous molal flow rate. The indi-
vidual accumulated vapor mclal quantites can be typically
represented by Run 1 and plotted in Fig. 6.l.a. The results
show that the relative content of the main product, ethyl
acrylate, is very high. at the early stage due to an active
esterification, and beccmes smaller than those of ethyl
alcohol and water at the end of the run due to a conti-
nuous feed of the later two compounds and a much less

active esterification. Very low contents in diethyl ether



and f-ethoxy-ethyl propionate indicate that the two side
reactions, dehydration and successive reaction, are very
minor.

The total vapor molal quantities calculated from
the above individual molal condensates, and the liquid
hold-up temperatures are plotted as a function of time
and shown in Figs. 6.1.b through 6.4 for the nine experi-
mental runs made in this study. During the first ten
minutes of the reaction between acrylamide sulfate and
ethyl alcohol, the amount of vapor condensate collected in
the vapor sample bottle is negligibly small., A rapid ten-
perature rise of the liquid holdup is observed for this
time period. These phenomena indicate that the reacciing
liguid mixture during the first ten minutes is still Lelow
its bubble point. Therefore, the heat released from
chemical reactions are absorbed entirely by the liquid
mixture to raisc its temperature.

When the temperature reaches its maximum value it
indicates that the liquid mixture has reached its bhubble
point. Then, the additional release of heat of reaction
is consumed by vaporizing the volatile product and other
componentse. The accumulation of the vapor condensate
becomes noticeable. After this maximum point, the liquid
bubbling temperature, starts to decline as more of the
relatively cold ethyl alcohol is fed into the system and
as the liquid composition changes because of reactions.
Heat of reactions is sufficient enough to vaporize pro-

ducts and other volatile compounds, The vapor condensate
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is accumulated steadily almost at a constant rate, Runs

1 through 9 exhibit the similar behavior. Generally,

the higher the feed rate and the higher the relative

ratio of wvaper to total feed, the higher the maximum
temperature obtained. This is because a higher feed
rate yields a higher reaction rate and consequently re-
leases more heat of reaction. The higher relative ratio of

vapor to total feed provides a larger inlet enthalpy.

In order to make sure all the collected vapor samples
are obtained from a boiling liguid, the data points used
for evaluating the semi-batch distillation accompaniszd
by chemical reaction are those after the maxinmum liquid
temperature of each run, Since, usually, the maxivm
temperature is reached after the second sampling, the
third sampling time is taken as the zerc time in the data

correlation and analysis.,

Since the variation of accumulated vapor molal quan-
tities, as a function of time, is rather moderate, they
can be properly fitted into a polynomial equation. Then,
the instantaneous vapor molal flow rate for each com-
ponent is obtained as the derivative of its corresponding

polynomial equation.

As mentioned in Chapter 5, there is a certain time

lag, though small, between the vapor and liguid sampling.
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This time lag can be calculated from the vapor molal
flow rate. The total vapor molal flow rate is first
calculated as the sum of all the individual molal flow
rates. Since the system is operated at atmospheric
pressure, the ideal gas law can be used to convert total
vapor molal flow rate into total vapor volumetric flow
rate, Other information required is the carrier gas
(helium) flow rate and the volume of the entire vapor
flow path. It is found that the time lag between vapor
generation and vapor collection is between 0,24 to 0.41
minutes for all the experimental runs of this study.
These time lags are relatively small. However, these tire
lags are not ignored but are taken into account

for correcting the sampling time. For the mathematiczl
model analysis, the vapor and liquid samples should be

at equilibriun,
6.1.2 *"Chemical" Vapor-Liquid Equilibria

Molal quantities determined in the previous section
can be used to determine instantaneous vapor and liquid
compositions at the vapor-ligquid interface. With the
calculated vapor and liquid compositions, the correspond-
ing K-value for “chemical® vapor-liquid equilibrium can

be readily determined.

From the above determined K-value, liquid activity:
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coefficient can be calculated by Equation (4-117) which

is repeated below

KiP yiP
/Yi = 0p0 = x?OPO (k-117)
iti i i

The vapor pressure, Pg, can be calculated from Antoine

constants given in Table A.5 and fugacity coefficient,
o}
i
as given in Appendix A.l2. The activity coefficients

, from the correlations of Prausnitz and his coworkers

calculated from Equation (4-117) for all the five vola-
tile components in the system are correlated by the ne-

thods presented later in Section 6.2.1.
6.1.3 Reaction Rates

Ethyl acrylate, the main product of the reaction
system, appers in both ligquid and vapor phases. There-
fore, its overall production rate should be equal to the
sum of its rate of flow to the vapor condensate and its
rate of accumulation in the liquid holdup. The volume
of the liquid holdup - is equal to its original volume
plus the net change. The nef change is the difference
between the liquid volume of the entering feed under
the tray conditions and the volume of the accumulated
vapor condensate. With these information, the reaction

rate can be calculated.

For determination of the dehydration rate, i.e.,
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R, for the second reaction, numerical values of the vapor

2
molal flow rate of diethyl ether are only required.
Diethyl ether is totally vaporized and it is not detectable
in the liquid mixture. For the successive reaction, i.e.,
the third reaction, its reaction rate can be calculated
from the vapor molal flow rate and accumulation rate of

A -ethoxy ethyl propionate in the liquid. A procedure
similar to that for esterification can be used. The
liguid concentrations of all the components in the licuid
mixtures can be determined analytically as discussed in
Chapter 5. The rate and the liquid composition dota are
substituted into Equation (4-103) through (4-105) *o
obtain three corresponding rate constants, km,l’ kmizg

and km,}' If these three rate constapts can be properly
correlated as a function of the three operating porameters,
the reaction rates under different coperating conditions

can be estimated, The correlations of the reaction rate

constants will be presented in Section 6.2.2.

Based on the methods described above computer program
LABDATA was prepared and used to treat all the laboratory
data, The program listing input data and calculated re-
sults for all the above experimental results are given

in Appendix C.1,

6.2 Correlations of Parameters



6.2,1 Correlation of Activity Coefficient for "Chemical"®

Vapor-Liquid Equilibria

The conventional correlation of activity coeffi-
cients must satisfy the Gibbs-Duhem equation, the basic
thermodynamic relation to treat the nonideality of a
1iq;id solution. However, in this study, the activity
coefficients of several compounds and their associated
ionic species can not be measured. These compounds in-
clude the very volatile compound, diethyl ether, and
the four very nonvolatile compounds, namely acrylamide
sulfate, sulfuric acid, ammonium bisulfate and acryl-
amide. As mentioned in Section 4.6, the purpose of
this correlation is to predict accurate vapor mole frac-
tions from the known liquid compositions. A hypotheticzl
liguid solution,..containing four volatile components,
nanely ethyl alcohol, ethyl acrylate, water and -ethoxy-
ethyl propionzte, and one pseudo-component, “very non-
volatile material"™, is then used as the basis of this
correlation., The pseudo-component, "very nonvolatile
material%, is a lumped parameter obtained from lumping
together the four very nonvolatile compounds and their

asscciated ionic species,

Even for a hypothetical liquid solution, a con-

ventional correlation equation which can satisfy the



Gibbs-Duhem equation can make better prediction of
activity coefficient than an arbitrary function.
Therefore, a good correlation eguation for the activity
coefficients of the four volatile components may be
-gselected from the five well-known corrslations of Wilson,

van laar, Margules, Wohl, and Hala. (11).

Sabylin and Aristovich (55) made a comparison of
the five correlations with the "physical®" equilibrium
data of 30 ternary and 4 quaternary systems. It was
concluded that the Wilson equation gives the best pre-
diction while the Wohl and Hala equations are least
successful in predicting good multicomponent dat. The
superiority of the Wilson equation to predict multiconm.
ponent data from the binary data, inplies that the
mixing rule and the function forms proposed by Wilson
are also superior., The Wilson method is then adopted
here as the basis for developing the corrslation for

the multicomponent “chemical" wvapor-ligquid equilibria,

6.,2.1.,1 Working Equation

The Wilson equation for a multicomponent system

can be represented by the following egquation.

A}fl
3

(6-1)

N X
In A, 1-1n(z/\la 3)- z./_\_.

7‘
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where
L
v ] ( ?ﬁ- * - ?\o . )
= o - l:] 2.1 ’..
Aij —_L’V’L exp [ "7 ] (6-1a)
i
L 5L

In equation (6-1a), vy and vj are the liquid molal
volumes of the pure conponents i and j and (7\ij- Kii)'
is an empirically determined energy term. Since the
temperature rénge for this reaction~distillation systen
is snmall, the Wilson constant./\ij, is treated as a
constant, independent of both temperature and pressure.
It is noted that the binary Wilson constants (Akj and Ajk)
Thz

are the only parameters appear in Equation (6-1).

parameters, Aii. Aﬁj’

Akk' etc., should be equal to unity.
In order to clearly understand the characteristics

of the Wilson equation, its simplest form, that is the

binary form, may be examined., For a binary mixture,

Equation (6-1) is reduced to

1n Ty= -In(xg+A %)+ ( Nz Tz,

(6-2a)
x1+-A12x2 /Elxl+x2

[ V]

M2 A
xy+ Agox, A21X1+?‘2'

In 1= -1n(x1+A21x1)- ( )x,  {6-2b)

If a mixture is an infinitely diluted solution of com-

ponent 1 its compostion can be expressed as
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Xl e B 0’
and

X, == 1,
With the relationships, equations (6-2a) and (6~2b) are

reduced to
In ’Yl = - ln/\lz + 1 -/\21 (6-3a)

in A, =0 (6-3b)
The activity coefficient of a component at an infinite
dilution is then a functien of 4N12 and ‘A21 while the

activity coefficient of pure component is unity.

For an ideal solution A, = 'A21 = 1, Thus, de-
viation of the parameters from unity is an indication of

the nonideality of the solution., If both A,, and A,y

are greater than unity.'11 becomes less than unity ac-
cording to Equation (6-3a). That is, the solution ex-
hibits negative deviations from ideality. However, if
they are both less than unity, positive deviations from
ideality can be observed, It is possible that one para-
meter may exceed unity and the other less than unity for
cases where deviations from ideality are not large.
Although the Wilsén equation used in this work is an empir-
ical form, the relationship between the calculated activity
coefficients and the Wilson constants should have the sanme

characteristics as discussed above.



5,2.1.2 Data Regression
For a five-component system, total number of re-
quired Wilson binary constants is 5x(5-1)=20, which ex-~

110 Naze? 55°
Now, the desired correlating equation, Equation(6-1)

cludes all the unity terms, A ee, and A
has twenty undetermined constants. These twenty con-
stants can be obtained from regression of experimental
data by SUBROUTINE BSOLVE, which is suitable for either
linear or nonlinecar it of the experimental data by the
method of least-squares. "his subroutine employes either
the Newton Raphson Method or the Steepest Descent Method
for obtaining convergent solutions. There are two other
computer programs developed and used in this study.

One is SUBRCUTIME FUNC, which is used to calculate ths
activity coefficient based on the given functions. ‘fh:z
other is SUBROUTINE DERIV which calculates the partial
derivative of activity coefficient. The form of functions
used in this work is the general simultaneous equation,
Equation (6°1), Since the number of undetermined con-
stants is very large, it will be too cumhersome to list
all the twenty individual cderivatives calculated by
SUBROUTINI DERIV. Instead, they are grouped.into the

following three general cases,

Case 1
21n 'Ti X% X3 %y
— o = .- e e e e e =
N N ; N .
d ik = A X \ < l’\, .X_')Z . (6-—14«8.)
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where k ¥ 1

Case 2
8ln Y, 2k AT
A ST T A * X 2 (6=k)
. ki | ﬁil K55 (£§1(\ijj)
where k ¥ 1
Case 33
24n Y i AES % -
3N =N . (6-4c)
km féllﬂija

where k + m % i

£11 the above subroutines are included in the program
"CHEMACT" which is listed in Appendices C.3.1 — C.3.3.
The input data and constants for the program are also

shown in the Appendices.

By the definition as-given in Equation (6-1a),
/\ij must be a positive value. Therefore, the lower
bound of’A&j is set equal to zero during the data
regression. Since the range of experimental tempera-
tures are only bstween 90 °c and 130 °C, the difference
of tempereture effects on activity coefficients are
very small compared to the effects of composition on

the solution nonideality. Since the system is operated

at constant pressure,'ﬁi can be treated here as a function



of only composition.

With the above assumptions, the

fitted values Of‘Aij by the program CHEMACT are as

follows,

»54
35

b5

0.0709

0.

0.

10.9

6402

0.

21

N
31

41
A

51

32
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52

/\43

AN
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0.494

1.41

13.2

9.11

0.

O

0.0269

3.91

6.91
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The calculated activity coefficients using the
above coefficients and Wilson's eguations are plotted
against the experimental values as shown in Fig.6.5.
The agreement between the calculated values and the
experimental data are satisfactory, especially for
the reactant ethyl azlcohel and the most polar component,
vater. Larger deviation can be seen for the activity
coefficient of the two volatile products, ethyl acry-
late and ﬁ-ethoxy ethyl propionate, This largesr devia-
tion may be explained as folleows. The mole fractions
cf thece tvwo prceducts in the feacting liquid are vary
small, only up to 0.0525 for ethyl acrylate and 0.0078
for ﬁ-ethoxy ethyl propicnate. It is not unusual that
the percentage error for measuring & very small duon-
tity is larger than that for measuring a large guan-~
tity. Furthermore, determination of a smaller peak
area from the gas chromatograph also has an inherent

Jarger percentage reading error.

Since the liquid mixture contains mestly the non-
volatile material, the activity coefficients of the
four volatile components are affected by their mole-
cular relationships to this nonvolatile material.
Water is a very pelar compound, Its presence helps

sulfuric acid to generate proton for promoting the
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formation of acrylanide sulfate. Its affinity to the
.nonvolatile liguid mixture is then very high and thus
its activity coefficient is the smallest among the four
volatile components. These low water activity coeffi-
cients can be characteristically represented by <the
fitted Viilson constants for the'binary pair of water
and nonvolatile meterial. The constants are ﬁ55=6.02

and N\ 37391, A3 discuszed earlier high values of./\ij

give low di' This is consistent with water activity
coefticlient desermuined for water here. For reactant
ethyl alcohol, activity coefficients in the pair with
the nonvolatile material are such that ABl is gresizr
than wnity while /&5 is lesz than unity. For the main
product, ethyl acrylate, /\25= /\52=O. This indicates
that ethyl acrylate has very large activity coefficients,
which are not affected by the liguid compositions of

the system components. Instead, this large product ac-
tivity coefficient 1s affected by the large heat of

reaction of the system as explained below.

During the production of ethyl acrylate, a large
amount of heat of reaction is released (please see the
calculation by Hess'! Law as given in Appendix A.10),

If ethyl acrylate were a nonvolatile meterial, this heat
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would be uniformly distributed in the liguid solution
through a mechanical mixing resulting in the rise of
liguid temperature. However, ethyl acrylate is a vola-
tile component with low heat of vaporization. The heat
cf rezction immediately hecomes available as the heat of
vaporization for the reaction product. Therefore, the
§apor stream beccries very rich in ethyl acrylate. The
liquid temperature is reduced because the part of its

enthalpy is also used to vaporize ethyl acrylate,

For the ny-prcduct, (-ethoxy ethyl propionate,
its binary Wilson constants with nonvolatile material
are /\, =0 and A .;,=6.91. Since its mole frzcthticn in
45 54 ]
the liquid 1is extremely small, its activity coefficient
may be considered at inifinite dilution. At infinite
diluticn, its activity coefficient ir a binary system
nay be represented ty Equation (6-3 ) and repeated be-

low with corressponding subscript:

ln“f“’ = -ln/\LPS + 1 _A_SLP

Although/\su is much greater then unity, it is still a
small term compared to -ln/\45 where/\45 approaches zero.
Therefore, the calculated‘Tu is the largest among the

four components. This unusually large activity coefficient
for by-product B-ethoxy-ethyl. propionate is anotheyr indica-

tion of substantive effect of chemical reaction on vapor-



liquid equilibria.

In a "vhysical® vapor-liquid equilibrium systemn,
the activity cocefficients in a multicomponent mixture,
as mentioned in Chapter 2, are generally developed from
the data of its constituent binary systems. Therefore,
the activity coefficients of its any two constituents
have the same relative order-of-magnitude as they are
in a binary mixture. However, in a "“chemical" vapor-
ligquid equilibrium system, such as the cne used in this
study, a reverse order of magnitude for some binary pair

can be observed.

As an example, the binary system of ethyl ccoryla=e
and ethyl alcohol is ceonsidered. The activity coeflii~
cients of ethyl acrylate calculated from the present
“chemical" vapor-liquid equilibrium data fall between
3 and 12.. They are much higher than those of ethyl als-
cohol, which are between 0,45 to 1.4. However, the ac-
tivity coefficients of these two compounds calculated from
the "physical" vepcr-liquid equilibrium data of Loginova,
et al., (43) show a reverse trend. The activity coeffi-
cients of ethyl alcohol are betwcen 1.0 T0- 9,45, vhile

those of ethyl acrylate are between 0.53 %o 2.56.

Based on the above analysis of the present experi-

mental data and on the comparison betwsen the Chao-Seader



"physical® vapor-liquid equilibrium correlation and the
Grayson-Streed “chemical" vapor-liquid equilibrium cor-
relation, given in Section 2.1, it can be concluded that
chemical resction do have a definite effect on vapor-
liquid equilibrium. One of the causes yielding, definite
effect of chemical reactions on vapor-liquid equilibrium
is the release of the heats of reactions.  For Grayson
Streed hydrocracking system, the reaction kinetics are
extremely complicated, However, the exothermic reactions
of the system can be typically represented by the hydro-
cracking of n-decane as shown below:

Heat of Reaction, 4k,
Kcal/g-molie H

2
n_CloHZZ + HZ —_— CBH8 + n—C7H16 -3.686
n"ClOHZZ + H2 i n-CLPHlO + n"'CéH.lL" “'j 31
n-—ClO}{22 + M, — 2 n—CsHlo -4,31

The average heat of reaction for hydrocracking of n-decane
is then equal to -3.86 Kcal per gram mole of hydrogen
censumed. This heat of reaction per gram mole of hydrogen
consumed is scmewhat different if the reactant is a dif-
ferent type of hydrocarbon such as naphthene or aromatic,
or a different size of hydrocarbon such as n-heptane or

n-hepta-decane.

If hydrogen consumption is very large for a hydro-
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cracking system, the exothermic heat of reaction per

mole of a heavy hydrocarbon must be very large, implying
that this system has a high reaction conversion. Hydro-
cracking_can be performed thermally. It can be further
promoted at -the presence of a catalyst. Since these two
types c¢f operation have different reaction kinetics,
resulting in different conversions, their heats of reaction
are then different and so are their effects of chemical
reaction on "chemical" vapor-liquid equilibrium. There-
fore, for a reactor effluent from a catalytic bed, the
vapor-liquid equilibriuvm pattern right after the cataltic
bed may be different from that-at a remote separation
zone without the presence of catalyst. When mzasvrirg
“chemical" vapor-liguid equilibria for such & systen, it
is recommended that the residence time and the variation
in "chemical" vapcr-liquid equilibrium from the cstalytic

bed to the separation zcne should be taken into account.

6.2.2 Reaction Rate Constants

The reaction rate constants, km 1! k and k
?

m, 2 mn,3 de-

fined in Section 4.5.4 can be expressed in the following

Arrhenius type equations:

-E_ ./RT
- m,1
km,l - Km,le
-E 2/RT
k o, =K ,e ™
m, 2 M, 2
-E_ ./RT
k = K e m, 3
m, 3 m, 3

Taking the logarithm of the above three equations gives the
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follcewing general form:

Em i

log km,l = log Km,l - §:§5§_§T— s ix=1l,0ee, 3 (6-5)

For éach experimental run, km,i are then plotted
against 1/(2.303 RT) on semilog graph paper which is
shown as Fig. 6.6 for esterification reaction, It is
observed that for the first hour of operatioh, i.e.} the
first 5-6 experimental points, the above plot yields
straight lines. Furthermore, these straight lines are
parallel to each other indicating that the activation
energy for all the nine experimental runs are the same
for the first five to six data points. This is a sig-
nificant experimental confirmation of the assuvmption mode
for this study. TFor the rest of each experimuntal run,
the reaction rate is greatly reduced and the temperaturs
is decreased as the time progresses.r This phenomenon
is an indication of meore active side reactions near the
end of an experimental run. The possible side reaction
may be the decomposition of acrylamide sulfate and the
formation of alkyl sulfates (C2H5)2804 and CZH5H304' which
are generally the transition components for the formation

of diethyl ether.

For the first five to six points of each run, a

universal activation energy can now be introduced to
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make further simplification. The procedures are stated
below,
For a data point in the run s, Equation (6-5 ) is

rewritten’with the activation energy in Kcal/(g-mole), as

1000 L ‘e

log Ky - 3T503% T, = log kg 5 s=1, ***, ng (6~ )
where

Ng = nunber of experimental runs

ES = universal activation energy in Kcal/(g-mole)
Define fs,j = 1000/(2.303RTS9j)

Zg,5 log ks,j’

and F, = log K_e

Equation (6-6 ) can then be reduced to

FS - ES —lgsﬂj = @Slj ' S=l,-'0, nS (6'-?}

The differenze between the experimental and calculated
values of log KS for the data point j in the run s is
equal to that between right-hand side and left~hand side
of Equation (6-7 ). Mathematically it can be represented

as follows:
. o= . - . 6-38
ES,J és,a Fs*'Esgg,g ( )

The variation for all the data points, where the universal
activation energy concept can be applied, is written accord-

ing to the definition:



n n.

2 S o 2
o° = = 2IEC
s=1 j=1 '
where
UZ = variation
g * number of runs = 9
nj = number of data points for run s.

Substituting Eguation (6-8 ) into Equation (6

the following working equation
2 S PJ & 2
- -
ot =2 E (@55 +E§s,j)

The leagt-g-uares nethcd requires that

07 372
— oz and ——— = (, g=l,ece, n
-y a} s
ol S

(6-9)

~2 ) gives

The corvesponding (nS + 1) simultancous linear equations

can now be obtained by differentiating Equation (6-10%

with the above (ns +1) constraints:
n

n. .
25° =2 (% .-F +E%_ = 6-11)
s=1 j=1 Bey5 - s 53,37 é)S»J ¢ (5=24)
and
2:3 zJ (g ;- F, +ES ) =0, s=1,0v, ng
3=1 =1 Sed y
(6-12)

Equation (0-11) can be further simplified as follows:

n, n; nS n. ‘ n, nj 2

¢ 30 £ B zzjfs;,s E oy oz r =

s=1 j=1 "S»d 8,3 s=1 j=1 s=1 j=1 $
(6-13)



From Lquation (6-~-12),

n n.
I3 . - + E 29 =0
TS B .
or :
n. n‘
J j

2:_1 aés’J * E’EJ_ fStJ

Fg = 4= 4= (6-1L4)

"3

Substituting Equation (6-14) into Equation (6-13) gives

the following solution for E, the universal activation

energy:
n n. n n n,
S &d S J £ J P y
5 = SZ‘-‘-:l §=1 {Sr{] Ssd s=1 j=1 78, i=1 °st
n : n .
S J 2 S J 2
z (Z ') /n' - Z z o {6160
5=1 j=1-§s J J g=1 j=1 g”’a 6-15)

The value of the universal activation energy, E,
is cobtained by the above equation with all the experimental
data points. Then Equation (6-14) can be used to deter-
mine Fs for each run. The frequency factor, Km’1 is
F

simply calculated as 10 S,

The above procedures for data reduction are also
used for the dehydration and the successive reactions.
These procedures have been programmed into the computer
program RXNRATE which is given in Appendix C.4. The

reduction of all the experimental data by the computer
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program RXNRATE yields the activation energies and fre-
quency facteors for the three reactions of all the experi-
mental runs. They are summarized in Table 6.1. As shown
in Table §,1 the average percentage errors for the three
reactions are small, which justify and confirm the appro-
priateness of the proposed rate expressions for the three

chenical reactions dealt in this study.

The above data reduction hag shown that a
specific behavior of each experimental run can be re-
presented by a single factor, namely Frequency Factor.
Thus, the different effects of interface mass transier
on reaction rate can now be discussed quantitatively
in terms of fhe ffequency factors. Furthermore, sjince
the interface properties such as interface concentratiocn,
film thickness, etc, cannot bve measured directly, the
frequency factor be used to represent the overall effects
of these properties on the reaction behavior. As dis-
cussed earlier the interfacial properties are functions
cf the three operating parameters, i;e., the initial and
surrounding temperature, the feed rate of aqueous ethyl
alcohol soluticn, and the relative ratio of vapor to
total fced., These operating conditions for all the ex-

perimental runs are listed in Table 6.2,

The frequency factor may now be gquantitatively re-

lated to the operating parameters as follows, assuming



Table 6.1 Arrhenius Constants

230

T

i

temperature in %k

Esteri- Dehydration | Successive
fication Reaction
Activation Inergy 4
E, Keal/g-mole 35.56 47.97 52.58
Units|K_ 107 K x10723 K 50
H 9 ]
Rug H 1/g-mole-min | 1/g-nole-nin 12/(g-mole)2-
nin
1 2.59 1,01 3451
2 2.93 0.93 2.70
3 3.08 1.82 53
> Ly 3.12 3.21 5.02
o 0
%8 5 3.85 2,60 6,25
o £
£ g 6 3.96 2.11 3.71
7 4,02 1.69 2,37
8 741 7.1l 13.79
9 10.21 3.60 17.95
- Average Percent- .
age Error of 377 6429 12.6
Ks,i
o -35560/RT
ks,l"Ks,le
- -49970/RT
ks,z B hs,2 €
g -52880/RT
kSoB hS.B €
R = 1.987 cal/g-mole-"K
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that sach parameter has independent influence.

Ky, 5 = 81(T5) g(F) g5(#) | (6-16)
vhere
Ks,i = frequency factor for reaction i and run
number s
T°v= initial and surrounding temperature

F = feed rate
W = vapor fraction of feed streanm

g1r Eo» and g3 = independent functions

It is assumed that each independent function, g1 has
two constants to represent the effects of its corcczspond-
ing parameter. The following function form is found to

be very suiteble,

b
g (4) = (f+ 1)) 2

“f= To, F or‘f.

With the above relation, Equation (6-16) can be rewritten

where

as

Kg,3 = Polfpy + bg) “(F + bg) "(¥+ bg) 6-17)

where the constant b7 is an adjusting factor to match

the relative magnitudes between Ks 1 and three gi's.
?

Although there are only nine frequency factors

to fit seven constants for the above equation, the



Table 6,2 Operating Parameters

Run Number Initial Temp.,OC Feed Rate, ml/min Vapor *
Fraction
1 115 1.56 0.82
2 115 1.736 0.34
3 111.5 1,496 0.69
b 111.5 1.558 0.60
5 111.5 1.192 0.70
6 110.0 | 1,147 0.55
7 110.0 1.b65 C.76
8 106.0 | 1.26 0.85
g - 106.0 1,506 0.0
* Relztive Ratio of Vapor to Total Feed

A%
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cperating temperatures in the hine runs have covered

the applicable reaction temperature range. Therefore,
these nine experimental rung were considered to be suffi-
cient to demonstrate hew the basic information required
for this study can be obtained. The constants in Equa-
tion (6-~17) are determined by the computer program BSOLFIT.
The program is developed on the basis of the BSOLVE
technigues, which was described in Section 6.2.1 and is
listecd in Appendix C,5. The working equations for the
three reazctions with appropriate constants obtainsada by
the computer program BSOLFIT with the data of Table 6.1

and 6.2 are given as follows,

Esterifications:

| - -0.501
K, o= 0.196(7, - 104)70*27h x (P + 0.911) 0

n’.,.‘.

x( W+ 0,0447) 7013 x101%  1/(g-nole)-min

(6—18)

Dehydration:

-0.258

K, = 1.31( T, - 103)~ 1% x ( F - 0.661)

m, 2 ‘
x(Y+ 0.01) 04131 44023 1/(g~mole)-min (6-19)

Successive Reactions:

1.81"'

Kn,3 © 7.22(To - 104) ~0.885 & (¢ . 0.164) .
m,

x(Y - 0.749)'0'4 x10%7 12/(g—mole)2-min ‘(6-20)
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The calculated frequency factcrs from Equations
(6-18) to (6-20) are plotted in Figures 6.7 - 6.9 and
compared to the experimental frequency factors listed
in Table 6.1, For the esterification reaction, the
egreement is very satisfactory. However, for the de-
hydration and the successive reactions it is only fair,
The experimental runs with intermediate operating con-
ditions exhibit larger deviations. Thus, the simple
correlation model as given by Equation (6-17) may be
inadequate for the correlation of these twc reacticnz,
Fortunately, these two reactions are minor comparcd with
the esterification reaction. Therefore, a somewnzi largey
error in their frequency factors would not significaitly
affact the prediction of the system behavior. Thercfore,
their fitted equations, Equations (6-19) and €-2C) may
st1ll be adopted by for the simulation studies which will

be presented in the next chapter.

Since Equation (6-18) can accurately predict the
frequency factors for the main reacticn, esterification,
it can be used to discuss the effects of operating con-
ditions on the frequency factor. The major advantage of
this eguation is to express the three operating pa-
raneters, T,» F, ané Y as separated variables. If any
two of the three operating conditions are kept constant,

the effect of the third operating condition can be readily
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derived from Equation (6-18) =as an independent parameter,
If the effect is expressed as the ratio of frequency
factors of Condition 2 to Condition 1, the three inde~

pendent effects can be expressed as follows:

K., Y T - 104

[ llz]m = 0,2 ; )“0'571 (6-21)

KT'l .L|1/’ TO,l - 10"’

K F, + 0,911
[ . 2{‘ (2 ot -o0.501 (6-22)
KF.l To,’\’[/ Fl + 00911

, I
[hE 2] ey Vs + 0.0447 )=0413 (6-25)

where subscripts 1 and 2 stand for Condition 1 and Condi-
tion 2, and subscripts T, F, and #'stand for T, ¥ and ¥
respectively. If Condition 1 is taken as the operating
condition giving the smallest frequency factor and Con-
dition 2 giving the largest frequency factor within the
boundary of <he operatiing conditions used.by_this study,
then the largest independent effects by the three oper-
ating parameters can be determined from the above three
equations. The results are summarized in Table 6.3.

These results demonstrate that the frequency factor is
most sensitive to the initial and surroundinsz temperature,
T

o! and least affected by the volatile reactant feed

rate, F. If the initial and surrounding tempesrature is



Table 6,3 Iargest Independent Effect of Operating

Conditions on the Frequency Factors

Independent Operating
Parameter

Name Symbol unit

Initial and To g
Surrounding
Temperature

Volatile Re- F ml/min
actant Feed
Rate

Ratio of .
Vapor to ¥J

Total Feed

Condition 1 Condition

Ratio of Frequency
Factors K?/K1

2,65

1.13

1.48

[av

o
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increased from 106 °C to 115 °C, the frequency factor
will be reduced by a factor of 2.65. This implies that
the reaction occurs mostly in the liquid film due to

a high reaction rate at a high temperature. If the
vapor fraction in the total feed is reduced from 0.85
to zero, the frequency factor will be increased by a
factor of 1.48. This implies that the film reaction is
reduced to the minimum by introducing a totally liquid
feed stream. The volatile recactant feed rate mostly
contributes to increasing the concentration of ine
volatile reactant, ethyl alcchol, in the liquid holdup,

Its eflfect on the frequency factor is then small.



Chepter 7 Verification of Theoretical

Model and Parametric Evaluation

7.1 Theoretical Solutions

Two conditions must be met and satisfied for any
theoretical model to predict the system behavicer accu-
rately. First, the model must be developed on the
sound theoretical foundation. Secondly, the physical
and chemical data to be applied and used in the model
must be accurate. Thus, before analysing the system
behavior predicted by the model, the preparation of

accurate physical and chemical data will be discussed,

7.1.1 Physical and Chemical Data Required for System

Analysis

The physical and chemical Cata required in this
system consist of two groups. One group is the data
related mainly with material balance equations and the

other for energy balance.

The data for material balance are essentially these
related to
(1) Chemical vapor-liquid equilibria
(2) Chemical reaction rates

The correlations of the above data, with the experimental



data obtained by this work, were discussed in details

in Chapter 6. They will not be repeated here,

The data for energy balance equations include:

(1) iiquid and vapor enthalpies

(2) Heats of reactions

(3) Overall heat transfer coefficient
As mentioned in Chapter 3 heat of soclution is assumed
Ato be negligibly small compared to heats of réactions
or latent heats of vaporization. Therefore, the enthalpy
of a mixture, either liguid or vapcr, is determined bw
adding the enthalpies of individual compeneznis, Iae
enthalpy of a pure liquid component is calculated from
heat capacity data according to the definition with
datum temperature of 0 °C. If liquid heat capacity,

is related to temperature by the following poly-

n
v

P’
nomial equation:
C.=a, +a, + a1% + a,1° S (7-1)
P 1 2 3 &4
where
C_ = liquid heat capacity in cal/g-°C

P
T = temperature, ¢

a1 2oy a3 and a, = constants for a component,

then liquid enthalpy can be readily obtained as

Iy

ho= a4+ (1/2)2,0% 4 (1/3)a0) + (1/M)a,17 (7-2)



243

Therefore, only liquid heat capacitfy data are re-
quired for obtaining the constants, ays 2o a3 and ayy e
The data regression by the least-square method is made
using the computer program POLYFIT, as described in
Appendix C.6. The computer program employs the Gauss

elimination method to solve simultaneous linear equations.

The liquid heat capacity data for ethyl alcohol
(15), ethyl acrylate (i17), water (52), diethyl ether
(16), and sulfuric acid (52) are available in the liter-
ature., For other compounds of which data are not aveil-
able in the literature, recliable correlations are usecd,
For example, the method of Johnson and Huang (39, 32) is
used for predicting the liquid heat capacities atv 20 “c,
The method is based on the idea of additive contribu-
tion from constituent atomic groups. The correlaﬁion
is relatively accurate, with 5 and 16 per cent average
and maximum deviations. For estimation of the heat ca-

OC, the Vatson

pacities at temperature other than 20
expansion factor (23) method is employed. Estimation
of liquid heat capacities for the components without
available literature data are discussed in details in
Appendix A.7. All the constants of Equation (7-1), de-
termined by the program POLYFIT from either available

literature data or the above mentioned estimated data,

are listed in Table 7.1l.



Table 7,1 Ligquid Enthalpies and Heat Capacities

C_=2a, +a, +a 72 4+ 8,107
p u.l d.2 3«1- 4.1.
2 Iy

h = alT + azT /2 + a3T3/3+ a,T /e

Cp = cal/g-°C ; h=cal/g; T = °c
Component Name a a, X 103 a. x 105 2, X 107

1'DOY 4 1 2 5 in Ref.
Ethyl Alcohol 0.53150 2,2012 0.7202L - (15 )
Ethyl Acrylate 0.45560 0.48312 0.17086 - (17 )
Water 1.0060 -0.31738 0.34230 - ( 52 )
Diethyl Ether 0.53002 0.97143 1.10120 - (16 )
B-Ethoxy-ethyl 0.44220 1.0364 0.26786 - (Est.)
Propionate
Acrylamide Sulfate 0.51106  -2.6872 2.5080 -0,46602 (Esta)
Sulfuric Acid 0.47433  ~5.4856 b,1811 -0.51692 (52 )
Ammonium Bisulfate 0.42655 -2,3368 1.7822 -0,34821 (Est.)
(Solid) _

Acrylamide 0.56106 1.17686 0.19831 - .0.,017361 (Est.)
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The vapor enthalpy can be treated as the ideal gas
enthalpy because the system is operated at atmospheric
pressure. The ideal gas enthalpy of a volatile compo-
nent, except B-cthoxy-ethyl propionate, at the boiling
point is egual to the sum of the heat of vapofization
and the liguid enthalpy at that temperature. The vapor
enthalpy at other temperatures is calculated from the
heat capacity data following the similar procedure as
employed for determining the liquid entholpy. Vapor heat
capacities and heats of vaporization for ethyl alcohol
(15), ethyl acrylate (17), water (52), and diethyl’

ether (16) are available in the literatures.

The heat capacity or the enthalpy data for fn@thoxy~
ethyl propionate are not available in the literature.
They are, therefore, calculated by the correlations.

The Giacalone method (21) is used for estimating heat

of vaporization at its normal boiling point. The method
has an average error of 3 % and maximun error of 10 %
(52). For the estimation of heat of vaporization at
other temperatures, the Watson temperature correlation
is used, It is relatively accurate with 4.7 % average
error for 247 organic compounds (21). For detailed
procedures of the estimation, refer to Appendix A.38.

All the vapor enthalpy data determined from the

procedures stated above are then fitted into poly-



noemial equations by the program POLYFIT. The fitted
constants along with the vapor enthalpy eguation are

listed in Table 7.2.

The second set of data needed for energy balance
calculations is heat of reaction. As mentioned in the
previous chapter, Hess'! law is used to calculate heat
of recction. To utilize Hess'®' law, heats of formation
for all the reactants and the products must be obtained
first., Since neither experimental data nor estimation
methods are available for obtaining the heat of for-

.
mation of the molecular complex, acrylamide suliate,
a special procedure is then used to calculatiz iwe

heat of formation.,

As mentioned in Section 5.4.5, heat of reaction fou
Reaction 4, the formation of acrylamide sulfate fron
acrylamide and sulfuric acid, or Equation (4-1), is
measured to be -5.62 Kcal/g-mole. Then from this heat
of reaction, heat of formation for the molecular ccmplex,
acrylamide sulfate can be estimated from the following

equation according to Hess' law:
- {
He ¢ = Hp o + Hf,9 + AHp g, (7-3)

where

Hf = heat of formation



Component

Ethanol

Ethyl Acrylate
Water

Diethyl Ether

@ ~-Ethoxy-ethyl
Propionate

227.0
96%0
59746
90.0
797

Table

7.2

Vapor Enthalpies at 1 Atm,

H

i

a1

+ a2T + a3 T

T = temperature, °C

2+ll.

H = ideal gas enthalpy, cal/g

a2
0.3630
0.2387
0.4200
0.3450
0.3695

a le5

3%
33,978
€7.20

0.102
0.375
- 6.211

a4x107

-0,132

8,929

Ref.,
(15)
(16)
(52)
(16)
(Est.)

3]
4=
-3
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subscripts for acrylamide sulfate, sulfuric
acid, acrylamide, respectively

AH = -5,62 Kcal/g-mole.
Ry

The heat of formation for sulfuric acid, at 25 °C, Hf D
4

is available in the literature (48) while the heat of
formation c¢f acrylamide at 25 ¢ is estimated from the
method of Anderson, Beyer and Watson (22). The ABW method
is the only available method, which contains heat of for-
mation of a basic amide group, formamide (HCONHZ). if
the estimation starts from fermamide, instead of other.
simpler atomic groupé ag used by other estimaticn methods,
the estimation error can then be reduced to minimum,
Therefore, this method is adopted in this work for esti-
mating heat of formation of acrylamide. After the heat
of formation of acrylamide sulfate is determined, by
Equation (7-3), heats 'of reaction for all the three major
reactions can then readily be calculated from the following
equations by utilizing Hess' law.

(1) For esterification, or Reaction 1, or Eguation (4-2)

OHg g = Hp o + Hp g = Hp o = Hp o (7-4)

(2) For dehydration, or Reaction 2, or Equation (4-3)

(3) For successive reaction, or Reaction 3, or Equation

(b-k)



2hy

-— - __/
AHR,3'~ Hf,5 + Hf,8 - 2 H Hf,é (7-6)

f,1
The contribution of the net heat capacity between
reactants and products to the heat of reaction, for the
above three reactions, is found to be very small compared
to the calculated heat of reaction. Therefore, heats of
reactions at 25 oC, determined from the heats of forma-

tions at 25 ¢ by the above three eguations, are used

for the entire temperature range.
emp

A1l the required heats of formation showvn in Equa-
tion (7-4) through (7-6) are listed in Table 7.3. 'Tholr
literaturce sources or the methods of estimation wsed are
given in Appendix A.9. The detailed procedures for de-
termining the heats of reactions of the above three reac-
tions are discussed in Appendix A.10.. Table 7.4 is a

summary of the heat of reaction determined and used in

in this chapter for analysis of the mathematical mcdel.

The last data required for energy balance calcula-
tions is overall heat transfer coefficient across the
system wall. It is determined experimentally as described

in details in Section 5.4.,2.3,

7.1.2 Solution of Theoretical Model



Table 7.3 Heats of Formation

No. Component Phase Kcal/g-mole Ref,
1 Ethyl Alcohol L -66.35 (52 )
2 Ethyl Acrylate L -92.46 (Est.)
3 VWater L -68.32 ( 52 )
4 Diethyl Ether L -65.2 (52 )
5 P-Ethoxy-Ethyl Propionate L -160.81 (Fzi.)
6 Acrylamide Sulfate L -245.91 Exp. )
7 Sulfuric Acid L -193.69  { £2 )
8 Ammonium Bisulfate S «238.99 (Est.)
9 Acrylamide L 46,6 (Est.)

Table 7 . Heats of Reaction

R i Reaction Equation Heat of Reaction
Reaction No. Kcal/g-mole
i Esterification (4=2) - 19.2
2 Dehydration (4-3) - 0.82
3 Successive Reac- (4-4) - 21,2
tion
L Equilibrium Reac- (4-1) - 5.62
tion :

(Complex Formation)
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As mentioned in Chapter 4 the Runge-Kutta fourth-
order method was used for numerical solution of the pro-
posed mathematical model., This method can be shown (8)

to be convergent, that is,

lim [y, - y.(t.)} =0 (7-7)
at-0 (¥ = lJ
where

1. = independent variéble

i
yi(ti) = true solution

y; = nunmerical solution

at = size of infegration step
To obtain an exact solution yi(ti) the size of inte-
gration step should be approaching zero, which is equi-
valent to requiring infinite integration steps, This
is not practical. - Instead, the size of an integration
step is determined on the basis of considering both the
desired accuracy and the computer time required to achieve
this accuracy. Table 7.5 listed the calculated vapor con-
densate for Run No. 1, using four different integration
steps, i. ey At = 1, 2, 4, and 8 minutes. Though no
snalytical solution can be obtained for comparison with
these four sets of numerical solutions, the criterion
of Equation (7-7) can be used to justify that the smaller
the integration step the close the numberical solution

can approach the true solution. Significant differences
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0.432
0.563
0.676
0.789
0.902
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1.229
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in vapor molal condensate between the 4-minute step size
and the 8-minute step size can be observed. As the inf
tegration step size is reduced to 1 minute, the improve-
ment from 2-minute step size becomes very small, for
example, less than 0.08 % at t = 80 minutes. Therefore,
the step size for the numerical integration was then
selected as 2 minutes throughout this work, except a few
severe cases such as adiabatic simulation where a smaller

step size should be used for convergent solution.

7.2 Effects of System Farameters on Thecreticsl ESclution

Among many independent parameters delining the systen.
three operating parameters are chosen as variables for
the experimental investigations. They are iritial and
surrounding temperature, volatile reazctant feed rate;
and relative ratio c¢f vapor to total feed. The effects
of these three parameters on the system behavior will
be discussed in details in this section. Furthermore, for
a better understanding of the system characteristics,
the system response to two other prarameters, though not
independent variables, will also be analysed. They are
heat of reaction and overall heat transfer coefficient.
For each of the above five system parameters, discussions

are presented for the following three system responses:
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(1) Ethyl Acrylate Vapor Molal Condensate
(2) Total Vapor bolal Condensate

(3) Ligquid Temperature

In a semibatch operation, the feed rate is generally
limited to a certain range such that the system can be
operated reasonably. For example, if the feed rate is
too small, it will take a long time before the boiling
point of the liquid mixture is attained. On the other
hand if the feed rate is too large, the liquid holdux
may increase rapidly such that liquid may overflow to
the vapor flow path as entrainment. Since Rui Wo. L ig
at a flow rate which is aboul in the middle of ihe wppro-
priate flow range used in this study, all its cystem
parameters are then used as the reference parameters for

the discussion.

7.2.1 Effects of Heat of Reacticn

Heats of reactions for this particular reaction
system has been determined from Hess' law as described
early in this chepter. Since heats of formation of
several compounds required for such determinations are
estimated, the calculated heats of reactions should have
some degree of uncertainty. Because of this uncertainty,
the analysis should be made to determine the effects if

the estimated values of heat of reaction are erroneous.
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The calculated value of heat of reaction for esteri-
fication is - 19,2 Kcal/g-mole. PFive other values, namely
-35, =30, ~-25, =10, and 0 Kcal/g-mole are chosen to de-
termine the effect if the correct heat of reaction were
not -19.2 Kcal/g-mole, No positive heat of reaction is-

used because the system being studied is exothermic.

Fige 7.1 shows the plots of the liquid temperature
s a function of time. For the case where the released
heat of reaction exceeds 35 ¥cal/g-mole, the liquid tem-
perature becomes greater than 135 °C when time reaches
12 minutes. It has heen experimentally verificd thaz
the acrylamide sulfate solution prepared in Section 5.3.3
gecomposes near the vicinity of 135 °C. The decomposition
can be detected easily by the smell of ammonia, one o©f
the decomposed products. No actual measurements have
Leen made for such decomposed vapors. If the zbsolute
heat of reaction is lower, say at 30 Kcal/g-mole, the
liquid temperature reaches the maximum which is slightly
below 135 °¢ at t=28 minutes. Before reaching the maximum
temperature, the system behavior is similar to the abhove
"run-away" case. High heat of reaction forces out ép-
preciable amount of volatile components and thus increases

the bubble point of the liquid mixture.

After reaching the maximum temperature, more volatile
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components are either absorbed or produced in the li-
quid phase and more nonvolatile reactant (acrylamide
sulfate) is consumed as time procesds. Thus, the bubtble
roint ofAthe liquid mixture starts declining after the
maximum temperature. If heat of reaction is small such
that heat of generation is less than the net heat re-
moval, the liquid temperature decreases continuously
from the beginning of the run. This phenomenon can be
recognized by the temperature lines of‘AHR at -19.2,
-10, and 0 Kcal/g-mole in Pig. 7.1. The effect of heutw
¢f reaction, as compared to its base value of -19.2

kcal/g-mole can be summarized as

Difference in Ilaximun ax, Temp.
Heat of Reaction Temperature Difference per
. - Difference Unit Chonge of .
(2131 - (‘19“2)] Heat cf Reaction
Keal/g-mole °c °c/(xcal/g-mole)
~10.8 +11,7 1.08
- 5.8 + 3@8 0066
+ 902 had 308 Oc“’l
+19.2 - 6.2 0.32

The results show that the maximum temperature difference
per unit change of heat of reaction is least at zero heat
of reaction and largest at the highest investigated heat

of reaction of -35 Kecal/g-mole.
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When the released heat of reaction is higher than
19.2 Kcal/g-mole, more ethyl acrylate can be produced
and collected in the vapor condensate as shown in Fig.
7.2. This is because the reaction rate can be repre-
sented by the Arrhenius equation. As discussed earlier,
the higher heat of reaction yields a higher liquid tem-
perature which in turn results in a higher reacting rate.
For the case of AHR,l = - 35 Kcal/g-mole, it wac siatad
that the liquid temperature reaches above 135 °C after
12 minutes of operation and that the producti deccmposi-
tion occurs. Therefore, no molal quantity of ethyl acry-
late vapor condensate is shown in Fiz. 7.2 afier thin
pcint. For all the other seiected heats of reaction,
the molal quantities of ethyl acrylate vapor condensate
are plotted up to t = 80 minutes so as to include all
the data points used in Chapter 6 for correlating re-
action rate expressions. At the cperating time of 80
ninutes, the difterence of the collected amount of

ethyl acrylate vapor condensate can be summarized as

follows,

Difference in Difference in Molal %
Heat of Reaction Ethyl Acrylate Difference
HR 1 - ( ~19.2) Vapor Condensate

?

Kcal/g-mole Moles

-10.8 +0.112 +14,7
- 5.8 +0.0L}5 + 599
+ 9.2 -0.055 - 7.2

+1902 “00100 “13.1
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As shown in Fig. 7.3, during the early stage of the
reaction, the variation of total vapor molal condensate
is still appreciable, depending on the amount of heat
of reaction released. This phenomenon reflects the high
heat of reaction forcing out more volatile components from
the liquid mixture. However, the differences are nar-
rowed near the end of reaction because the esterification
reaction rate becomes very small and consequently the

effect of heat of reaction is greatly reduced,

7e2.2 Heat Transfer Coefficient

The overall heat transfer coefficient was measured
previously as 0.16 cal/min--OC-cm2 using the similer flvids.
Jf the systenm is 6perated odiabatically, i. €., no heav
is transfered through the system boundary, the licguid tem-
perature rises very rapidly and rezches 135 °¢ in less
than 8 minutes as shown in Fig. 7.4. If the insulation
meterial can be adjusted to give an overall heat transfer co-
efficient of 0.08 cal/min~°C—cm2, the decomposition temperature
¢f 135 OC, may also be reached rapidly in about 17 miﬁutesf
However, such “"run-away" temperatures are reached only
wvhen the initial and surrounding temperature ( T, ) is
high, or the relative ratio of vapor to total feed (¥ )
ig large, or both. Run 1 is operated under such conditibnse

For Run 9, the initial and surrounding temperature is
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set to 106 °C, and the relative ratio of vapor to total
feed is zero, which are respectively lower than those

of Run 1. As shown in Fig. 7.5 the maximum temperature

is only 118.5 °c even the system is operated adiabatically.
Therefore, undesirable high operating temperatures can

be avoided even for an adiabatic operation if the abo#e

mentioned two operating parameters are properly adjusted.

Now, return to Fig. 7.4. The overall heat trans-
fer coefficient can be increaced if the material of the
pyrex wall of the reaction-distillation column is re-
placed by the corrosion-resistent metal such as Incontl.
Then, the liguid tempcrature will rsapidly approach the
surrounding temperature as shown by the lines of hisgh
overall heat transfer coefficients, ranged from 0,20~
0.32 cal/min—ocmcmz; As shovn in Fig. 7.5, the liguid
temperature may even go below the surrounding temperature.

Usually this occurs only in the system where the feed

is totally or nearly totally liquid.

If the overall heat transfer coefficient is small,
the reaction temperature is higher, resulting in higher
product yield, This phenomenon is illustrated in Fig.
7.6. The relation between product yield and overall
heat transfer coefficient at the reaction time of &0

minutes can be summarized as followvs,
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U, cal/min-oc-ucm2 Ethyl Acrylate, moles

0.,12 0.852
0.16 (measured value) 0.752
0424 10,701
0.32 0.678

During the early stage of reaction, small overall heat
transfer ceoefficient leads to higher liguid temperature,
which in turn forces out more volatile ccmponents from

the liquid mixture to give a higher total vapor molsi
condensate as shown in Fig. 7.6. At the end of the re-
action, all the liguid tomperatures approach. the surround.-
ing temperature as iliustrated by Fig. 7.4. Thersiors,
the effect of overall heat transfer coefficient on total

vapor molal ccondensate 1s greatly reduced as shown in Fin.7¢7.

7.2.3 Initial and Surrounding Temperature, To

The initial temperature as discussed in Section 5.1.1
is set egqual to the surrounding temperature to avoid fur-
ther complicating the system. Fig. 7.8 gives the temper-
ature history of the system at four different initial and
surrounding temperatures, TO. For all the four cases,
liquid temperature approaches to the surrounding temper-
atures. There is a temperature cross-over between the
110 °C and 106 °C 1lines. The cross-over is caused by two

facters. One of them is frequency factor, '‘and the other
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is heat los3., The ratic of the freguency factors of

the 106 °C case to the 110 °C case can be calculated

from Equation (6-29) as given in Chapter 6. It is found
that the frequency factor for the 106 °C case is 1.87

times that for the 110 °C case. Therefore, during the
early stage of reaction, the 106 ¢ case produces more

heat of reaction, resulting in a higher liguid temperature.
As time proceeds, higher heat loss due to a higher tem-
perature driving force acress the reactor wall for the

106 °C case rapidly brings dovm’ its . liquid temperaturs iine
and then crosses over the 110 °C line. If two gets of ind-
tial and surrounding temperature are very apart oz in the
cases of 115 °C and 106 OC, there is no cross-over becauvsa

0

the less heat loss at 115 “C can maintain higher liouid

temperature during the run.

For this system, the reaction rate constant is higher
for a lower initial and surrounding temperature. It is
resulted from a higher frequency factor for this lowexr ini-
tial and surrounding temperaure and a high starting
liquid temperature, which in turn gives a high value
for the Arrhenius exponential term. Therefore, the
product yield at 1C6 °c is very high as shown in Fig..

79

At a higher surrounding temperature with a higher
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initial temperature, the femperature driving force is
small, consequently there is less heat loss through

the wall of the reaction-distillation column. There-
fore, the liquid temperature is higher and there is more
volatile vapor leaving the liquid mixture as shown in

Fig. 7.10.

7.2.4 Feed Flow Rate, F

As mentioned early in this section (7.1.3), feed
flow rate can be neither too large nor too swuell fer
a semibatch system if the appropriete operating range
is to be maintzined. The selected flow rates in this
study are between 1.0 and 2.0 ml/min. Since the feed
flow rate during Run 1 is an intermediate rate, 1.56
ml/min., this flow rate along with the above menticned
feed rafes are then used as the typical caseg for the

following discussions.

The liguid temperature during a run is plotted in
Fige 7.11 for three different rates. At the smallest
feed rate, the liquid temperature in the early stage of
reaction is the lowest. At the smallest feed rate, the
concentration of ethyl alcohol in the liguid is lowest.
Thus, its reaction rate is the slowest with release of

the least heat of reaction. As the reaction continues,
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the content of volatile components in the liguid mixture
becomes much less. Therefore, its bubble point even-
tuzlly becomes the highest among the three cases., This
crocs-over of the liquid temperature lines happens
frequently; for example, the temperature cross-over
between the cases of 1.56 and 2.0 ml/min. feed rates is

at 21.5 minutes and similarly between 1.0 and 1.56 ml/min.

at 42 minutes.

Since a high feed rate reduces the licquid temper-
ature in the long run, it does not proportionately in-
crease the product yield. Fig. 7.12 shows that thec
product yield at 2.0 ml/min. feed rate is slightly higher
than that at 1.56 ml/min. during the first 60 minutes
of operation. However, its yield becomes smaller after
60 minutes of operation. With little improvement in the
product yield, this excescive increzse of volatile com-
ponents, introduced by the feed, will reduce the product
concentration in the vapor condensate collected. Selec-
tion of a proper feed rate is, therefcre, very important
for obtaining the desired product concentration. However,
it should be noted that many operating parameters interact
and, therefore, the selection of feed rate should also be
considered in accordance with other parameters, such as
overall heat transfer coefficient, initial temperature,

surrounding temperature and relative ratio of vapor to
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total feed.

As can be expected, a higher feed rate, containing
volatile components, produces more total vapor condensate.
This is shown in Fig. 7.13. »The difference in the amounts
of accumulated total condensate at the different feed
rates is very large compared to the similar variation

in the product yield.

7:2.5 Vapor rraction in the Total Feed

It has been shown carlier in Fig. 7.5. that the
liquid temperature becomes lecs then the surrounding
temperature if the feed is totally liquid. The illustra-
tion is shown for the case of a low initial and sur-
rounding temperature of 106 c. However, a similar phe-
nomenon can be observed for the run with a high initial
and surrounding tcmperature of 115 OC, as long as the
relative ratio of vapor to feed rate is low. The latter
is shovn in Fig. 7.14. The liquid temperature becomes
lower than the surrounding temperature, 115 OC, at t=
20 minutes if the feed stream is totally liguid. As the
relative ratio ¢f vapor to total feed is increased, the
liguid temperature increases substantially, especially
at t=22 minutes. No "run-away" temperature is reesched

because the outgoing vapor carrys away some of this heat
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