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ABSTRACT

PERVAPORATION-ASSISTED ESTERIFICATION
OF SALICYLIC ACID

by
Chaiya Chandavasu

The coupling of a pervaporation membrane unit with a reactor has been

investigated as a means of improving the overall process efficiency. As model system,

the esterification of salicylic acid with methanol in the presence of a homogeneous

catalyst was studied in a unit consisting of a batch reactor externally coupled with a

pervaporation module containing a composite poly(vinyl alcohol) membrane. The

reaction was carried out at temperatures between 336 and 345 K. The catalyst was

sulfuric acid at concentrations varying from 0.5 to 2.0 molar. Various initial molar ratios

(BB) of methanol and salicylic acid, ranging from 8 to 50, were used. The by-product,

water, was selectively and continuously removed from the reaction mixture by

pervaporation. Consequently, the reaction processing time was reduced by about 60%

compared to that in a conventional batch reactor. At 345 K, almost complete conversion

was attained for an initial molar ratio of 8 within 10 h in the integrated system.

Experiments performed at 341 K and BB 8 with different membrane areas showed that

the processing time needed for 95% conversion of the salicylic acid drops from 30 h in

the absence of the pervaporation membrane to 13 h with a membrane having a specific

surface area of 66 rn-I .

A mathematical model, written in terms of operating variables and design

parameters of the system, was developed to provide a fundamental understanding of the

behavior of the pervaporation-integrated reactor. The mathematical model takes into



consideration details of the reaction kinetics. To validate the model, independent batch

kinetic experiments were performed with different molar ratios (8B) and catalyst

concentrations at different temperatures. The rate constant of the forward reaction was

found to have a linear dependence on the catalyst concentration. The model was used

successfully in describing the performance of the integrated (pervaporation-assisted)

system. The validated model can now be used in simulation studies for parameter

sensitivity and optimization purposes.

The coupling of the pervaporation unit with the chemical reactor was shown to be

an efficient technique for enhancing performance of organic esterification processes.

Moreover, it is easy to scale up and it contributes to pollution prevention by increasing

conversion, and reducing the consumption of solvents and energy.
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CHAPTER 1

INTRODUCTION

1.1 General

Although the active components of many pharmaceutical products are obtained via

fermentation processes, the overwhelming majority of drugs in the marketplace are

manufactured by synthetic organic processes. The chemical reactions employed in such

synthesis processes are mostly heterogeneous; liquid-liquid and liquid-solid reactions

dominate although gas-liquid reactions, including catalytic hydrogenations etc., are also

encountered involving gaseous reagents and/or by-products. Achievement of appropriate

reaction rates, selectivity and conversion requires consideration of a number of aspects

regarding reactor design, mixing, product purity, product stability, reaction intermediates,

etc. Novel reactor structures, such as integration of separation with reaction via

membranes are expected to facilitate efficient production of desired products in larger

scale organic syntheses in pharmaceutical industry via easy scale-up and concomitant

pollution prevention.

In recent years, membrane separation processes have been combined with

chemical reaction into a single process unit so as to enhance process performance.

Various applications of membrane processes in reaction engineering are of interest.

Extensive investigations have been carried out on hydrogen-permeable membrane

reactors applied to reversible gas-phase reactions (Sun and Khang, 1988; loannides and

Gavalas, 1993; Ziaka et al., 1993a,b; Gao et al., 1993, 1995; Gobina and Hughes, 1996).

Nevertheless, relatively fewer recent applications have been reported on liquid-phase

reversible reactions due to lack of suitable membranes having satisfactory permselectivity

1
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and chemical resistance. Ultrafiltration membranes are too porous for efficient separation

of small liquid molecules, while reverse osmosis membranes are likely to require a high

operating pressure due to the high osmotic pressure of the reaction mixtures.

Pervaporation, a novel membrane technique mainly used for dehydration of solvents,

organic-organic separations, and recovery of volatile solvents from wastewater (Huang,

1991), appears to be an appropriate choice for this type of application.

Pervaporation is one of the membrane processes that can be employed for the

separation of liquid mixtures that are difficult or not possible to separate by conventional

methods. The pervaporation process can be considered as a unit operation with

significant potential for various types of solutions. In the pervaporation process, the feed

mixture is maintained in contact with one side of a permselective dense membrane and

the permeate is continuously removed from the other side as a low-pressure vapor. The

activity difference is generally maintained by creating a high vacuum on the permeate

side in such a way that the pressure is kept below the vapor pressure of at least one

component of the liquid in contact with the upstream phase of the membrane. A

schematic of the pervaporation process is shown in Figure 1.1.

In this process volatile species in the reaction zone are selectively vaporized

through a membrane which acts as a solid extracting phase. One of the potential

applications of pervaporation process is to use it for driving an equilibrium-limited

reaction. The separation membrane is a permselective barrier that allows selective

permeation of the designated component from a liquid mixture. Thus, an idealized

membrane reactor or its equivalent that integrates a membrane unit with a batch reactor,

is expected to improve the conversion of kinetically or thermodynamically limited
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reactions. The reaction enhancement occurs through controlled removal of one or more

product species from the reaction zone. Like reactive distillation, the membrane reactor

is another technique for achieving conversions above the equilibrium value.

Figure 1.1 Schematic of the Pervaporation Process

In recent years, the pervaporation process has attracted attention due to the

development of new and better polymeric or polymeric/composite type membranes,

which are suitable for reaction engineering application. The availability of pervaporation

membranes, which can withstand high temperature and severe chemical environments,

has resulted in wide ranging applications utilizing the concept of membrane reactors.

In the pervaporation process, only the dense layer of the membrane contributes to

separation of the mixture. Mass transport in pervaporation is generally described by a

solution-diffusion mechanism which consists three consecutive steps: 1) selective

sorption into the membrane on the feed side; 2) diffusion of the permeable molecules
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through the membrane; 3) desorption of the permeate into a vapor phase at the

downstream surface of the membrane. The driving force for permeation is the

concentration gradient of the penetrants across the membrane. In this process the mass

transport through the membrane is induced by maintaining a low vapor pressure on the

downstream side, thereby eliminating the effect of osmotic pressure. The concept of

using pervaporation to remove by-product species from reaction mixtures was proposed

by Jennings and Binning (1960); however the interest in pervaporation-based membrane

reactors was renewed recently when pervaporation proved to be a feasible separation

technique in the chemical processes. Presently, pervaporation is best applied to

dehydration of organic solvents, and the dehydration membranes normally work best

when the water content in the feed mixture is not high. Thus, reversible reactions that

produce by-product water are suitable applications of pervaporation for reaction rate

enhancement.

Esterification of carboxylic acids with alcohols is a typical example of a

reversible reaction that produces by-product water. The yield of the desired product for

this type of reaction is generally low due to limits imposed by thermodynamic

equilibrium. In some cases, reaction rates and extent of the equilibrium are limited by

structures of the molecules.

Considering a catalytic esterification reaction scheme of the type:

14 	 B 	 C+ D

where C is the desired ester product and D is the by-product water. By nature of this type

of equilibrium-limited reaction, a conventional batch reactor will operate at a low
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conversion for product C if the forward reaction-rate constant is of the same order of

magnitude as the backward reaction rate constant. If, however, a membrane reactor is

employed as shown in Figure 1.2 wherein the by-product water is removed through the

permselective membrane from the reaction zone to the other side of the membrane, the

reaction will proceed in the forward direction; therefore high conversion is expected to be

Figure 1.2 Membrane Reactor Schematic for By-product Withdrawal in a Reversible
Reaction

To achieve a high ester yield, it is common to drive the position of the equilibrium

to the ester side by either using a large excess of one of the reactants (usually the alcohol)

or using other techniques such as reactive distillation to accomplish in situ removal of

product(s) (Reid, 1952). The use of a large excess of reactant leads to an increase in cost

for subsequent separation operations, while reactive distillation is only effective when the

difference between the volatility of the product species and the reactant species is

sufficiently large. Furthermore, distillation will require a substantial amount of energy

due to the large reflux ratios needed when water is removed from low-boiling alcohols.

In the cases where the reaction mixtures form an azeotrope, a simple reactive distillation

configuration is insufficient. Besides, in reactive distillation the preferred temperature
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range of reaction should match that for the distillation (deGarmo et al., 1992). The

optimum operating conditions cannot be determined generally by the reaction kinetics

and/or thermodynamics, but are subject to the constraint of the temperature applicable for

performing the distillation.

Due to the fact that in pervaporation-based membrane separation only the heat of

vaporization of the permeating components has to be supplied, membrane separation can

be considered to be more energy-efficient and economically competitive than

conventional separation means such as distillation. This is due to the fact that, in practice,

the process performance and energy consumption in reactive distillation are often

dominated by distillation operations (Reid, 1952). Dams and Krug (1991) reported the

production of ethyl acetate in a batch process; a pervaporation unit equipped with a 250-

m2 poly(vinyl alcohol)-based membrane was integrated with the reactor. The energy

costs for different dehydration methods (Table 1.1) were estimated in comparison with a

distillation-alone process. As shown in Table 1.1, dehydration in the pervaporation-

integrated membrane reactor costs only 7% of that in conventional distillation.

Table 1.1 Relative Energy Costs for Dehydration by Different Configurations in the
Esterification of Acetic Acid with Ethanol (Dams and Krug, 1991)
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In addition, membrane-integrated reactor operation becomes easier and

continuous while membrane-unit scale-up problems are virtually eliminated since

membrane units are modular.

Pervaporation-integrated reactors are expected to provide a favorable alternative

due to the following considerations:

(1) Pervaporation technique with an appropriate membrane can be operated at a

temperature that matches the optimal temperature for desired reaction.

(2) Pervaporation process provides a cost-effective means of separating the products.

This is due to the fact that in pervaporation only a fraction of feed that permeates

through the membrane undergoes phase change from liquid to vapor and,

therefore, energy consumption is generally low as compared to conventional

separation methods.

(3) Pervaporation is a rate-controlled separation process, and the separation efficiency

is not limited by relative volatility as in distillation.

The last feature is characteristically important for reactions involving biological

systems. For example, enzymatic esterifications normally have temperature constraints

imposed by enzyme stability.

The reactor configuration and the nature of the membranes employed will depend

on the system chosen, the reaction conditions, and the nature of the catalyst. Hydrophilic

membranes that preferentially permeate water and retain small organic molecules can be

employed in pervaporation processes. In recent years, many researchers have studied the

feasibility of employing pervaporation membranes in reaction engineering. By utilizing

the concept of membrane reactors, conversion in reversible reactions could be enhanced
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and the processing time could be reduced substantially. In the case of acid-catalyzed

esterification reactions, one can employ a hydrophilic membrane to remove water from

an organic reaction mass by using vacuum-based pervaporation (Neel et al., 1991).

Various types of polymeric pervaporation membranes like polyimide, Chitosan, Nafion,

etc. were tested in membrane reactors for esterification of oleic acid with ethanol (Kita et

al., 1987, 1988; Okamoto et al., 1993). In addition, pervaporation membrane reactors

have been studied for esterification of acetic acid with ethanol (Zhu et al., 1996), tartaric

acid with ethanol (Keurentjes et al., 1994), oleic acid with butanol (Kwon et al., 1995)

and valeric acid with ethanol (Ni et al., 1995) with various inorganic acids or lipases as

catalysts. In some cases the membrane itself may act as a catalyst or the catalyst may be

impregnated on the membrane (Bagnell et al., 1994). Catalytically active pervaporation

membranes have potential advantages. However their selectivity for alcohol over water

make them still inapplicable for small molecular weight alcohols such as methanol.

Waldburger et al. (1994) studied heterogeneously catalyzed acetic acid/ethanol

esterification in a continuous flow reactor using a commercial poly(vinyl alcohol)-based

membrane. After the whole reservoir volume had been recycled three times at 80°C

(corresponding to a residence time of 15 h) the reactor conversion achieved was 98.7%.

However, there was no attempt by the authors to mathematically model the experimental

data.

Esterification is a complex reaction. The rate at which different acids are

esterified as well as equilibrium conversion depend on the structure of the molecules and

type of functional substituents of the acids and alcohols; therefore data on rates of
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reaction, mechanisms, and the extent of reaction for specific reactions are essential for

understanding the behavior of the pervaporation-coupled esterification.

The membrane in the pervaporation module, which is to be coupled with the

reactor and separation unit, has to be suitable for the liquid mixture contacting the feed

side of the membrane. Pervaporation membranes employed in this type of application

usually are of the composite type (Figure 1.3) as they can combine very thin and highly

selective separation layers with mechanically rigid and thermally stable backing layers.

Membranes add unique features to a membrane reactor. Membrane units provide

very large surface area per unit volume of the device. As a result, overall transfer rates

for separation through the membrane device can be very high, almost an order of

magnitude larger than in conventional devices. The residence time of the reaction

mixture can also be controlled easily over a wide range varying from a few seconds to

much longer by controlling the flow rates through the membrane device.
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one-step esterification reaction) from the reaction system via a membrane. The volatile

product is removed by pulling a vacuum on one side of the pervaporation membrane.

This type of membrane-integrated reactor provides an illustration of the many capabilities

of membrane-integrated reactors in synthetic pharmaceutical processes. Membrane-

integrated reactors may be introduced profitably to improve productivity and yield while

pollution prevention is achieved simultaneously in such a system and process.

rermeaLe
(water)

Figure 1.4 Schematic of the Pervaporation-Integrated Batch Reactor

1.2 Scope of the Thesis

A three-step approach has been adopted in this thesis:

a) Selection of reaction system and membrane.

b) Modeling of membrane-integrated reactors.

c) Experimental demonstration of membrane-integrated reactor performance and model

validation.



O
+ H20 	 (1.1)
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0 	 H+
+ CH3 0 H
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Although, esterification reactions represent a significant group of reactions

commonly found in the pharmaceutical industry, kinetic data on homogeneous

esterification of aromatic carboxylic acids are relatively scarce in the literature. The acid-

catalyzed esterification of salicylic acid with methanol (equation 1.1) was chosen to be

the model reaction system for this study. This reaction system was selected because the

desired ester product, methyl salicylate, is one of the most important esters in the

pharmaceutical industry. Commercially, it is widely used as the pain-relieving ingredient

in liniments.

One of the reactants in this esterification reaction, salicylic acid, is an aromatic

carboxylic acid which is relatively less reactive than aliphatic carboxylic acids. Due to

the fact that most aromatic carboxylic acids require long reaction periods and have low

yields, new techniques that can improve process performance are of great importance.

OH	 OH

The aim of the research work was to obtain a better understanding of the behavior

and kinetics of the esterification reaction between salicylic acid and methanol and a better

understanding of the pervaporation-facilitated esterification between these two species. In

order to obtain a clear picture of the influence of the different parameters, the systems,

membranes, processes and reactors need to be studied along with synthetic organic

processes.
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The unit schematically shown in Figure 1.4 was used during the course of this

study. During experiments various operating parameters (temperature, relative reactant

composition, catalyst concentration) as well as design parameters (membrane surface

area) were varied and their impact on process performance was investigated.

The process was described with a mathematical model which accounts for kinetic

and mass transfer characteristics. In order to use and validate the model, kinetic constants

were obtained from detailed, independent experiments under batch conditions. In these

experiments, initial concentrations as well as temperature were varied. The model yielded

a successful interpretation of the data obtained with the membrane integrated reactor. The

model has led to a better understanding of the overall process and can be used in

predicting desired regimes for the operating parameters.

In order to experimentally show the impact of the membrane integration on the

process, experiments were also performed with the unit shown in Figure 1.4 in the

absence of the membrane.



CHAPTER 2

MODEL DEVELOPMENT AND THEORETICAL CONSIDERATIONS

This chapter deals with the development of mathematical models for batch and

pervaporation-assisted esterification processes, their numerical solutions and other

theoretical considerations required to interpret the experimental results.

2.1 Kinetic Model for Batch Esterification Reaction

Esterification is a reversible reaction in which a carboxylic acid (A) reacts with an alcohol

(B) in the presence of an acid catalyst to form the ester and water. This type of reaction

can be written as

H1
	RCOOH + R'OH	 RCOOR' + H

2
0	 (2.1)

(A)	 (B)	 (E)	 (W)

The reaction above involves a two-step mechanism when sulfuric acid is the catalyst

used. The first step in esterification is the protonation of the carboxylic group of

carboxylic acid to form a reaction intermediate, which cannot be separated:

k, 

	

A + H SO	 ERSO	 (2.2)
2	 4 7--"c2—

In the second step, which is the rate-determining one, the protonated carboxylic acid

reacts with alcohol to form ester, water, and the regenerated catalyst:

k,
AH+. HSO + B	 + W + H2SO4 	

(2.3)
k4

The concentration-based equilibrium constants of equations 2.2 and 2.3 can be written as

13
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K	 C AH + •HSO4-
1 =

C A C H 2 SO4

CE 	,n
=  E "	 2 4 K 

C AH + ■11SO CB

The rate of ester production according to equation 2.3 is

	=
dt 	

k 
3
C 

All**HSO
CB — k4 CE CW CH2SO4

Rearranging equation 2.4 and substituting for the concentration of the intermediate into

equation 2.6 gives

dCE
 = k3 K 1 CA CB CH2SO4 — k4 CE CW C

H2SO4dt

Combining k3 and K 1 and setting it as k5 leads to

dC
 E	  

dt 	
C -

h
-2s04(k5CACB  — k4 CE Cw )

Setting CH2s04 k5 = kf and CH2s04 k4 = kb , the rate expression can be written as

	r = dCE =k CACB kb CE CW kJ CA CB 

1
	 C E CWdt 	 f 	 K■,

where kf and kb are the rate constants for the forward and backward reaction in equation

2.1 respectively, and Ke is the equilibrium constant which can be defined as the ratio of

the forward and backward rate constants (equation 2.10). Subscripts A and B refer to the

two reactants, acid and alcohol, and subscripts E and W refer to ester and water,

respectively. The equation 2.9 is the power law model, which can be used to describe the

reversible homogeneous reaction.

dC

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

K =
k • CE CW=
kb CA C B

(2.10)
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However, the esterification of salicylic acid with methanol in the presence of sulfuric acid

does not follow the rate expression (equation 2.9) precisely. This implies that the real

reaction mechanism is not given by equations 2.2 and 2.3. Water produced from the

reaction reduces the reaction rate constant. Accordingly the effect of water produced on

the reaction rate has to be taken into account. Okamoto et al. (1993) proposed that the

forward rate constant is a function of water concentration in the reaction mixture. The

expression for the forward rate constant can be written as

where a is the reduction

reactants. Keurentjes et al. (1994) have suggested an alternative approach. They have

described the reaction rate expressions in terms of activities; such rate expressions as well

as the corresponding equilibrium constants are then related to those based on

concentrations and additional factors containing activity coefficients. Estimates of

activity coefficients were developed based on UNIFAC methods. Their model based on

concentrations was better able to describe the data on tartaric acid esterification due to

uncertainties in estimations of the activity coefficients.

2.2 Model for Pervaporation-Coupled Esterification

Considering the schematic of Figure 1.4 and assuming isothermal conditions,

esterification in the membrane-integrated reactor can be described by the following

material balances:



where subscript i indicates

permeation flux of species i through the membrane, r i is the rate of disappearance of

species i in the reactor due to chemical reaction (equation 2.9), and A m is the effective

membrane area in the pervaporation unit.

The volume of the reaction mixture, V, is given by equation 2.14 according to

volume additivity:

where Ni is the number of moles of species i in the reaction volume, Mi and pi are

molecular weight and density of species i, respectively.

Assume the volume change of the reaction mixture in the system to be given by

The permeation flux of species i through a pervaporation membrane is usually

concentration dependent. From Fick's first law, the permeation flux of species i is given

by the expression

(2.16)
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where D, is the diffusivity of species i in the membrane and 8 is the membrane thickness.

Equations 2.9, 2.11, 2.13, 2.15, and 2.16 are the basic equations describing a batchwise

pervaporation membrane-assisted reactor.

Considering the stoichiometry of equation 2.1 and assuming that only water goes

through the membrane, one can write,

where XA is the co

that have reacted per mole of A fed to the system, BB, BE, and Ow are defined as the ratios

of initial concentrations of species B, E, and W, respectively, to the initial concentration

of A, and V0 is the initial volume of the reaction mixture.

A material balance on the carboxylic acid yields

d(C
A
V) 

= —r AV — JAAin (2.21)
dt

The pervaporation membrane does not allow the high molecular weight components pass

through, thus the flux of the carboxylic acid, JA is equal to zero. Rewriting equation 2.21

gives



From the relation expressing the concentration of water in the reactor (equation 2.2,U),
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According to Fick's first law (equation 2.16), the permeation flux of water is

given by the expression

n4 acW,„
as

(2.29)
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where D w is diffusivity of water in the membrane. However, the diffusivity of water is

very difficult to determine in the case of pervaporation of the multicomponent mixture. It

was reported by David et al. (1991) that in the case of pervaporation of an organic

solvent containing low amount of water (less than 10% by weight) through a GFT

membrane, an almost linear relationship was found between permeation flux and water

concentration. In this study, the water concentration in the reaction mixtures is always

less than 9.0% by weight, therefore, for the simplicity of analyses, the water flux is

assumed to be proportional to the water concentration (equation 2.30).

Jw = .pw cw (2.30)

where Pw is the permeance of water.

The set of differential equations (equations 2.25, 2.26, and 2.27), along with

equations 2.11, 2.18, 2.19, and 2.30 can be solved simultaneously by using the software

package MATHEMATICA® (Wolfram Research, Inc.) to find the concentrations of all

species as well as the volume of the reaction mixture as a function of time. Using this

software package, a parametric study of this system was performed.



CHAPTER 3

EXPERIMENTAL

3.1 Chemicals

The following chemicals were used in the experiments: methanol, HPLC-grade; salicylic

acid, analytical reagent (99.9%); sulfuric acid, reagent grade (96%). These chemicals

were purchased from Fisher Scientific Co., Fairlawn, NJ.

3.2 Experimental Setup and Procedure

Two different types of experiments were conducted: (a) simple batch experiments to

estimate the equilibrium constant (KO and the reaction rate constant (kf) for the

esterification of salicylic acid; (b) experiments with an integrated reactor to detet mine the

effect of pervaporation on the overall process efficiency and the processing time of the

reaction.

3.2.1 Batch Esterification

A 1-liter round-bottomed glass flask was used as the batch reactor. The reactor was

equipped with a glass reflux condenser to prevent any loss of reaction mass, a long-stem

mercury thermometer, a graduated feeding funnel, a sample port with a

polytetrafluoroethylene (PTFE)-coated butyl rubber septum and an oil-bath having

provision for oil circulation at a constant temperature. The setup was installed on top of a

magnetic stirrer. The schematic of the experimental setup for the batch esterification

experiments is shown in Figure 3.1. A number of batch esterification experiments between

21



Figure 3.1 Schematic Diagram of the Experimental Apparatus
for Esterification without Pervaporation
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methanol and salicylic acid were carried out to generate time versus salicylic acid

conversion data. These data were analyzed to determine the reaction rate constants.

A known mass of salicylic acid (measured with a chemical balance, Ohaus,

Florham Park, NJ) was first taken in the round-bottomed flask. The required quantity of

methanol (in excess of the stoichiometric amount) was added to the salicylic acid and the

reaction mass was kept under stirring. The temperature of the reaction mass was first

raised to a value of 15°C less than the actual reaction temperature, then a predetermined

quantity of sulfuric acid was added to the reaction mass through the feeding funnel. Acid

addition led to a temperature increase of the reaction mass therefore the rate of acid

addition was adjusted to maintain the desired reaction temperature. Approximately 1 mL

of reaction mass was collected at definite time intervals through the sample port by

means of a syringe. The drawn sample was dispensed immediately into a 2-mL glass

sample vial and sealed using a crimp cap. The sample vial was then stored quickly in the

deep freezer to stop the reaction. The concentrations of the ester and salicylic acid were

determined by a liquid chromato graph after appropriate dilution (4,000-10,000 times

depending on reactant composition) of the sample with methanol. A typical batch run

lasted for about 8 to 10 h. The sample collected before the addition of sulfuric acid was

considered as the sample at time zero. The concentration of sample at time zero was then

corrected for volume increment because of the addition of sulfuric acid. Reactions were

carried out at different molar ratios of methanol to salicylic acid, temperatures, and

catalyst concentrations (sulfuric acid).
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3.2.2 Pervaporation-Coupled Esterification

The batch reactor setup described in the previous section was connected to a pervaporation

cell via a Masterflex pump (model 7523-20, Cole-Parmer, Barrington, IL) equipped with a

FTFE diaphragm pump head (model 7090-42, Bernant, Barrington, IL). All plastic tubing

used in the experimental setup was Teflon TFE purchased from McMaster-Carr, New

Brunswick, NJ. Type-K flow-through thermocouple probes connected with a digital

thermometer (model HH22, Omega Engineering, Stamford, CT) were installed to measure

the temperature of the liquid entering and exiting the pervaporation cell (Figure 3.2). An

oilless vacuum pump (model UN7236.3, KNF Neuberger, Trenton, NJ) and a permeate

condenser were connected to the downstream side of the cell (Figure 3.2). The pervaporation

cells (model PTC-6, Carbone Lorraine, Salem, VA) and flat-sheet PVA membranes (model

PERVAP 2001) were obtained from GFT, Neunkirchen-Heinitz, Germany. Two

pervaporation cells were used for studying the effect of effective membrane area to initial

volume ratio. The two cells had effective membrane areas of 130 and 184 cm2 . In early

experiments, the pervaporation cell was well insulated to minimize heat losses without using

a temperature control unit. In most of the subsequent experiments, the pervaporation unit

was installed in a controlled-temperature bath filled with water as the heat carrier liquid. The

membranes were cut to proper size to fit inside the cells over a sintered metal plate. The

membranes were installed in the pervaporation cells and the vacuum pump was started. After

installation of the membranes in the cell, the reaction mixture was fed into the reactor. The

feed pump was started and the temperature controller was set at the operating temperature. A

typical reaction mass was prepared in the way discussed before. The reaction mixture in the

reactor was now heated to the desired temperature. The reaction mass was kept under



Figure 3.2 Schematic Diagram Showing the Setup for Pervaporation-Assisted Esterification
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circulation through the pervaporation cells. The temperature of the reaction mass inside

the pervaporation cells was maintained constant at a temperature same as that inside the

reactor. When the reaction mass reached a temperature 15°C below the desired operating

temperature, sulfuric acid addition was started. A similar sample collection procedure as

in the case of simple batch experiments was followed. Although several runs lasted for

periods of 22 to 26 h, most runs lasted 8 to 10 h. After the end of a particular run the

reaction mass was allowed to cool to room temperature before the setup was dismantled.

The membrane was rinsed with methanol followed by deionized water and then soaked

with tissue paper to make it dry. A photograph of the setup is shown in Figure 3.3.

3.3 Measurement of the Concentrations of the Ester and Salicylic Acid

The concentrations of salicylic acid and methyl salicylate in the reaction mass were

determined in a high performance liquid chromatograph (HPLC). A HP 1090 liquid

chromatograph system (Hewlett-Packard, Palo Alto. CA) having an autosampler (model

728, Micromeritics, Norcross, GA), and a variable-wavelength absorbance detector

(Hewlett-Packard) was used. A reverse-phase C-18 HPLC column (Chrompack, Raritan,

NJ) suitable for the analysis of salicylic acid and methyl salicylate was used in the HPLC

device. The specifications of the column used in the investigation are as follows:

Packing material	 : Hypersil octadecylsilane (ODS)

Typical particle size	 : 5 pm

Length	 : 100 mm

Internal diameter	 : 3 mm

Outside diameter	 : 9 mm

Column material 	 : glass



Figure 3.3 Photograph of the Experimental Setup for Pervaporation-Assisted Esterification
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A sample from the experiment collected at a definite time was properly diluted with

methanol and injected into the analytical column employing the autosampler. Salicylic

acid and methyl salicylate components were separated in the column and after the

separation, the sample was carried to the detector, where UV absorbance of each

component was measured at 280-nm wavelength. Salicylic acid and methyl salicylate

were qualitatively determined and their concentrations quantified under the following

conditions:

Mobile phase (v/v)	 : 60% methanol/ 40% water

Pressure	 : 8.2 MPa

Flow rate	 : 0.40 cm3/min

Temperature	 : ambient

The conditions were optimized to obtain good chromatographic separation of the salicylic

acid and the methyl salicylate peaks. Retention time of each component was determined

through comparison with standards. The retention times for standard salicylic acid and

methyl salicylate solutions were 1.0 and 3.0 min respectively. An integrator (model

3390A, Hewlett-Packard) incorporated with the HPLC setup calculated the peak areas of

the individual compounds. Calibration curves were prepared from fresh standard

solutions for both salicylic acid and methyl salicylate to relate their concentrations with

the peak areas obtained from the integration unit. The calibrations were checked at

intervals separated by 2 to 3 experimental runs. The calibrations of standard salicylic acid

and methyl salicylate solutions are shown in Figure 3.4 and 3.5 respectively.
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Concentration of standard salicylic acid solution (mol/L)

Figure 3.4 Calibration of Standard Salicylic Acid Solution (Peak Area vs. Concentration
in mol/L)
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Concentration of standard methyl salicylate solution (mol/L)

Figure 3.5 Calibration of Standard Methyl Salicylate Solution (Peak Area vs.
Concentration in mol/L)
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3.4 Permeate Analysis

Analysis of permeate samples was performed using the headspace technique and a HP

5890 Series II gas chromatograph (Hewlett-Packard) equipped with a pressure-

programmable, cool on-column injector. A flame ionization detector (FID) operated at

250°C was employed. The headspace gas chromatography (GC) is based on a sampling

technique in which the sample is placed in a closed vessel that is equilibrated at an

elevated temperature. As a result, volatile and semivolatile compounds that are present in

the sample are vaporized and enriched in the volume of gas above the sample (the so-

called headspace). An aliquot of the headspace gas is injected into a gas chromatograph.

There are two main advantages of this sampling technique. Firstly, by thermostating the

sample, volatile compounds are separated from the matrix, which may be a complex

mixture of nonvolatile components that are unsuitable for injection into a gas

chromatograph. Secondly, volatile compounds are enriched in the gas phase above the

sample, enabling the detection of trace-level substances. This technique was applied to

determine the methanol content in the permeate samples.

The following procedure was used: A piece of deactivated fused-silica tubing (80

cm x 0.32 mm) (Hewlett-Packard) was pushed through the disk septum of the pressure-

programmable, on-column injector. It was passed through the injector into a 5 m x 0.53

mm, Hydroguard FS, capillary precolumn (Hewlett-Packard), and the other end of the

deactivated fused-silica tubing was connected to a needle which was pushed through the

disk septum of the sample vial (Figure 3.6). The 20-mL headspace vial containing the

sample was closed using a PTFE-coated butyl rubber septum (with a star spring and a

crimp cap) and thermostated in a heating bath filled with water. After the sample was



32



33

equilibrated at the operating temperature, the needle was removed from the septum of an

empty vial where it had been in standby position during thermostating and pushed

through the septum cap of the sample vial. The carrier gas flowed through the

deactivated fused-silica tubing into the headspace of the sample vial and increased the

head pressure. After pressurizing the sample for 3 min, the pressure was temporarily

decreased by activating a pressure program in the programmable on-column injector.

Consequently, the pressure on the column temporarily was lower than the pressure in the

headspace vial. Because the sample vial was connected to the column by the deactivated

fused-silica tubing, headspace gas containing sample analytes flowed out of the

pressurized headspace directly onto the column. The separation was performed utilizing

a 30 m x 0.32 mm, df crossbond trifluoropropylmethyl poly(siloxane), fused-

silica column that was connected to the precolumn by a glass-seal capillary column

connector (both from Hewlett-Packard). The separation column was connected to the

FID detector (Hewlett-Packard), where methanol was detected. The following is an

overview of the experimental conditions for pressure-balanced headspace GC analyses

used in the investigation:

Head pressure (constant) 	 : 180 kPa

Pressure program	 : 180 kPa, 680 kPa/min, 170 kPa,

0.02 min, 680 kPa/min, 180kPa

Oven temperature	 : 60°C, 14 min

Thermostating temperature	 : 80°C

Thermostating time	 : 15 min

Column gas flow rate	 : 2.82 mL/min

Sample	 : 1 cm3 of diluted sample

Retention time	 : 4.0 min
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There was an attempt to optimize the conditions used for the permeate analysis. The

method developed here by using pressure balance headspace sampling was successfully

used for identification of methanol and other compounds present in the sample. However

the method was not quite successful for quantitation of methanol in the methanol-water

system due to the small difference in boiling points of the two compounds. The methanol

concentration in the permeate obtained by the analysis developed here has an error within

9% range.



CHAPTER 4

RESULTS AND DISCUSSION

In order to describe, from a theoretical viewpoint, the behavior of the coupling between

the batch reactor and the pervaporation unit, independent kinetic information from the

batch reactor of the studied reaction is essential. To validate the model for the

pervaporation-coupled batch reactor, the kinetic parameters from the batch studies were

incorporated into the model.

Batch experiments were performed at different operating conditions to study the

effect of each parameter on the reaction kinetics. The batch experiments were performed

at different temperatures with various concentrations of catalyst and initial molar ratios of

salicylic acid to methanol.

Pervaporation-integrated batch experiments were carried out at different values of

the membrane area to initial solution volume ratio (An/V0) and temperature to study

effects of these parameters on the performance of the integrated unit. The kinetic

parameters from the batch experiments were employed in simulations of the

pervaporation-integrated batch runs.

Two different methods were used to determine the apparent rate constants of each

experiment.

• Slope at the origin of the conversion versus time plot. In this approach, the water and

ester concentrations in the reactor were considered to be very small with respect to

the alcohol and acid concentrations, and the second term in the kinetic equation

(equation 2.9) was therefore neglected. The initial rate constant of the forward

35
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reaction (k10) obtained from this method was used as an initial guess for the value

determined by the following step.

• Integration of the set of differential equations (equations 2.25, 2.26, and 2.27) along

with algebraic equations (equations 2.11, 2.18, 2.19, and 2.30) and numerical

optimization of the rate constants by using the estimated kjo value from the initial

slope method as the starting value to get the best fitting of the experimental

conversion data versus time profiles to the model. The detailed calculations of the

initial rate constant are provided in Appendix A.

4.1 Effect of Reaction Temperature on Batch Esterification

Batch experiments were carried out at different reaction temperatures (325 to 341 K) to

study the temperature dependence of kinetics of the esterification reaction (Figure 4.1).

The experimental conversion data for 325, 331, 336, and 341 K are provided in Tables

4.1-4.4. Concentration-based equilibrium constants were measured experimentally at

different temperatures ranging from 331 to 341 K. The equilibrium constants were

determined from the equilibrium concentrations of each component in the reaction

mixture. From experimental results, the reaction temperature affected the equilibrium

constant. With an increase in reaction temperature, the equilibrium constant increased as

shown in Figure 4.2.

4.1.1 Activation Energy and Frequency Factor

It was found from the experiments that reaction temperature affected the rate constant of

the forward reaction. The parameters of the Arrhenius equation (equation 4.1), activation
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energy (E), and frequency factor (ko) were determined for the forward reaction from

batch experiments carried out at different temperatures.

( Ekfo = ko exp— 	
RT
	(4.1)

Values of In 190 against 1/T (provided in Table 4.5) were fitted by linear regression

and the result of this procedure is plotted in Figure 4.3. The values of ko and E obtained

Figure 4.1 Effect of Reaction Temperature on Batch Esterification (without
Pervaporation): BB 8, Ccat =1.10 M
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Table 4.1 Experimental and Calculated Conversions for Batch Esterification at T = 325 K

Experimental conditions: OB 8.0, Ccat = 1.10 M

Table 4.2 Experimental and Calculated Conversions for Batch Esterification at T = 331 K

Experimental conditions: OB 8.0, Ccat = 1.10 M
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Table 4.3 Experimental and Calculated Conversions for Batch Esterification at T = 336 K

Experimental conditions: GB = 8.0, Ccat = 1.10 M

Table 4.4 Experimental and Calculated Conversions for Batch Esterification at T = 341 K

Experimental conditions: GB 8.0, C„ / = 1.10 M
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Figure 4.2 Variation of Natural Logarithm of Equilibrium Constant with the Reciprocal
of Absolute Temperature
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Table 4.5 Relationship between Temperature and Initial Forward Reaction Rate Constant

Experimental conditions: OB 8.0, Ccat = 1.10 M

0.00292	 0.00296	 0.00300	 0.00304	 0.00308

1/T (K-1 )

Figure 4.3 Arrhenius Plot for Determination of Activation Energy of Esterification:
BB= 8.0, Coat = 1.10 M
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from the Arrhenius plot were 2.667 x 10 19 L/(mol.h) and 135.09 kJ/mol, respectively,

using the least-squares method.

4.1.2 Reaction Enthalpy and Reaction Entropy

Reaction enthalpy at standard conditions can be used to indicate whether a reaction is

endothermic or exothermic. It can be determined either from the formation enthalpy of

each reactant and product or by the equilibrium constants. The reaction enthalpy and

reaction entropy can be determined from the following equation

According to equation 4.2, the reaction enthalpy and reaction entropy can be estimated by

plotting In Ke against 1/T as shown in Figure 4.2. By using the least-squares method, the

reaction enthalpy (A11- °) was calculated as 64.83 kJ/mol. The positive value of Ali°

shows that the reaction is endothermic. The value of the reaction entropy can also be

evaluated from the slope of In Ke vs 1/T plot and was found to be 202.28 J/(mol.K).

Values of Ke for different temperatures are provided in Table 4.6 at specified 8B and Ccat

values.

4.1.3 Activation Enthalpy

The values of the activation energy (E) and the frequency factor (ko) provide a full

description of the kinetic data; however it may be desirable to express the results in terms
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of the activation enthalpy AH* to interpret the mechanism of the reaction. According to

the transition state theory, the forward rate constant can be expressed as

kT -AG*k = 	 e 	RT
fo 	 h

	

kT -Aff*/ 	 As*/k 	 e /RT e /R
fo 	 h

In conformity with equation 4.4, the activation enthalpy of the forward reaction can be

approximately obtained from the Eyring plot by plotting ln(kfilT) against 1/T. The slope

of such a plot will yield the value of — AH*IR . The Eyring plot is shown in Figure 4.4

and the value of AH* was calculated as 132.32 k.T.mol -1 . The estimated AH* value is

presented here for the sake of completeness of the thermodynamic data for the studied

reaction. No attempt was made in using AH* in interpreting the possible exact reaction

mechanism.

Table 4.6 Relationship between Reaction Temperature and Equilibrium Constant

Experimental conditions: OB = 8.0, Ccat = 1.10 M

4.1.4 Temperature Dependence of the Reduction Parameter

According to the experimental data, the reduction parameter (a) used in the model

depended only on temperature and the initial methanol to salicylic acid molar ratio. It was

found that the value of a increased with increasing temperature (Table 4.7). The value of

(4.3)

(4.4)
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a did not increase significantly in the lower temperature range. On the other hand, a was

a strong function of reaction temperature in the high temperature range (331-341 K),

(Figure 4.5). The value of a was determined during the course of fitting the data to the

model as shown in Figure 4.1.

Figure 4.4 Eyring Plot for Determination of Activation Enthalpy: 8B = 8.0, Ccat = 1.10
mol/L
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Table 4.7 Dependence of Reduction Parameter (a) on Reaction Temperature

T (K)	
I

a (L/mol)

325 0.96

331 1.03

336 1.62

341 2.33

Figure 4.5 Dependence of Reduction Parameter (a) on Reaction Temperature
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4.1.5 Effect of Reaction Temperature on Time Required to Attain 90% Conversion

To illustrate the effect of reaction temperature on the processing time, the calculated time

needed to achieve 90% conversion of salicylic acid (t90) is used. The plot of t90 against

reaction temperature is illustrated in Figure 4.6; the numerical values are provided in

Table 4.8. It is clear that t90 decreased with increase in temperature. For a OB = 8 and

Coat = 1.10 M, t90 was reduced from 90.0 to 10.3 h when the temperature was increased

from 325 to 341 K. This information on temperature dependence is essential for adjusting

the operating parameters in the pervaporation-assisted esterification process. The

appropriate temperature for reaction and pervaporation unit attached to the batch reactor

should be 341 K; the pervaporation process also requires a high temperature feed to

increase the transmembrane flux of the higher permeable component. Temperatures

exceeding 341 K cannot be used since the boiling point of the reaction mixture is 343 K.

4.2 Effect of Catalyst Concentration on Batch Esterification

Experiments were conducted with various concentrations of sulfuric acid in the range of

0 to 2.0 molar at constant values of reaction temperature to study the effect of catalyst

concentration on reaction kinetics of the esterification. The data are provided in Tables

4.9 to 4.13. The effect of catalyst concentration is shown in Figure 4.7. An increase in

catalyst concentration accelerates the production of ester; therefore an increase in the

amount of catalyst may be an alternative way to accelerate the ester production. In other

words, the establishment of equilibrium was accelerated with an increase in catalyst

concentration. However, by using a high concentration of catalyst, it will be more difficult
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Figure 4.6 Effect of Temperature on t90 for Batch Esterification (without Pervaporation):
OB = 8.0, Ccat = 1.10 M

Experimental conditions: OB = 8.0, Cca t = 1.10 M
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and cost-intensive to remove a large amount of sulfuric acid from the reaction mixture by

neutralization after the reaction is completed. As the catalyst concentration is increased,

the forward rate constant increases. Values of k10 for different catalyst concentrations are

provided in Table 4.14 for specified T and OB values. From the experimental results, the

initial rate constant of forward reaction was found to have a linear dependence on the

catalyst concentration in the range of investigation (Figure 4.8). A reaction run without

catalyst was carried out at 336 K for several hours and methyl salicylate was not detected.

It was apparent that there was essentially no reaction when there was no catalyst in the

system.

Table 4.9 Experimental and Calculated Conversions for Batch Esterification when
= 0.50 mol/L

Experimental conditions: T = 336 K, OB 10.0



Table 4.10 Experimental and Calculated Conversions for Batch Esterification when
r = 1 1111 m n1 TT
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Experimental conditions: T = 336 K, OB = 10.0

Table 4.11 Experimental and Calculated Conversions for Batch Esterification when
Coat = 1.10 mol/L

Experimental conditions: T = 336 K, OB = 10.0



Table 4.12 Experimental and Calculated Conversions for Batch Esterification when
Coat = 1.50 mol/L

50

Experimental conditions: T = 336 K, BB = 10.0

Table 4.13 Experimental and Calculated Conversions for Batch Esterification when
Cat = 2.00 mol/L

Experimental conditions: T = 336 K, BB = 10.0
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Reaction time (h)

Figure 4.7 Effect of Catalyst Concentration on Conversion Profiles of Batch
Esterification (without Pervaporation): T 336 K, OB = 10.0
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Table 4.14 Relationship between Catalyst Concentration and Initial Forward Reaction
Rate Constant

V. V	 U.D	 1.0	 1.D	 Z.0

Ccat (mol/L)

Figure 4.8 Relationship between Initial Rate Constant of Forward Reaction and
Temperature for Batch Esterification (without Pervaporation): OB 8.0, Ccat
= 1.10 M
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It was found that the reduction parameter (a) did not depend upon the catalyst

concentration. Model-fitted profiles by employing the same value of a (= 1.62) for

different catalyst concentrations appeared to be in good agreement with experimental

data (Figure 4.7). The calculated time required to achieve 90% conversion (t90) was

reduced by about 75% when the catalyst concentration was increased from 0.5 M to 2.0

M (Figure 4.9). Values of t90 for different catalyst concentrations are provided in Table

4.15 for the specified T and 8B values.

0.6 	 0.8 	 1.0 	 1.2 	 1.4 	 1.6 	 1.8 	 2.0

Coat (mol/L)

Figure 4.9 Effect of Catalyst Concentration on t90 for Batch Esterification (without
Pervaporation): T = 336 K, GB = 10.0



Table 4.15 Effect of Catalyst Concentration on t90 (Batch Experiments)
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Experimental conditions: T = 336 K, OB = 10.0

4.3 Effect of Initial Molar Ratio of Alcohol to Carboxylic Acid

It is well known that a sufficiently high ratio of methanol to salicylic acid leads to a

quasi-complete conversion of the acid even without pervaporation. However, by using a

excess of methanol to drive the reaction is cost-intensive and makes it difficult to separate

the desired products out of the reaction mixture when the reaction is completed.

To validate the theoretical model for the pervaporation-integrated batch reactor,

information on the dependence of process performance on the molar ratio of methanol to

salicylic acid (OB), which is a parameter in the model, is needed. Therefore, the

experiments were conducted at different initial molar ratios of alcohol to acid in a range

of 8 to 50. Due to the fact that salicylic acid has a limited solubility in methanol, the

minimum molar ratio that could be used was 8. Conversion data for different OB values

are provided in Tables 4.16 to 4.19. The experimental data were nicely fitted to the model

(Figure 4.10) which confirms the validity of the model developed for the batch

esterification. Tables 4.20 and 4.21 provide, respectively, the dependence of t95 and a on

OB. A summary of the kinetic information obtained from the batch experiments at

different temperatures with different values of OB is given in Table 4.22.



55

Table 4.16 Experimental and Calculated Conversions for Batch Esterification when BB = 8.0

Experimental conditions: T = 336 K, Ccat = 1.10 M

Table 4.17 Experimental and Calculated Conversions for Batch Esterification when BB = 10.0

Experimental conditions: T = 336 K, Ccat = 1.10 M
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Table 4.18 Experimental and Calculated Conversions for Batch Esterification when GB = 21.0

Reaction time (h) XA, exp. (%) XA, calc. (%)

0.00 0.00 0.00

0.30 7.44 11.59

1.00 26.36 28.10

2.00 41.18 42.58

3.00 49.43 52.46

4.00 57.74 59.85

5.00 66.14 65.64

6.00 70.39 70.32

7.00 74.10 74.17

8.00 78.08 77.39

Experimental conditions: T = 336K, Ccat = 1.10 M

Table 4.19 Experimental and Calculated Conversions for Batch Esterification when OB= 50.0

Reaction time (h) XA, exp. (%) XA, calc. (%)	 I
0.00 0.00 0.00

0.25 12.34 10.54

0.50 20.22 18.26

0.75 25.46 24.44

1.00 29.25 29.63

2.00 43.06 44.78

4.17 62.40 63.68

6.17 74.43 73.90

8.00 80.97 80.24

10.00 86.23 85.15

Experimental conditions: T = 336 K, Ccat = 1.10 M
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Figure 4.10 Effect of Initial Molar Ratio of Methanol to Salicylic Acid (0B) on
Conversion Profiles of Batch Esterification (without Pervaporation): T =
336 K, Cat= 1.10 M

Table 4.20 Effect of Initial Molar Ratio of Methanol to Salicylic Acid on Calculated t95

for Batch Esterification

9B	 I 65 (h)

8.0 44.89

10.0 34.65

21.0 22.33

50.0 18.54

Experimental conditions: T = 336 K, Ccat = 1.10 M
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Table 4.21 Dependence of Reduction Parameter (a) on Initial Molar Ratio of Methanol to
Salicylic Acid (GB)

OB I a (L/mol)
I

8 1.62

10 1.92

21 3.21

50 6.70

Experimental conditions: T= 336 K, Gat =1.10 M

The reduction parameter, a, was found to have a linear relationship with OB. The

reduction parameter increased when OB increased (Figure 4.11). The information on

dependence of the reduction parameter on the molar ratio from batch experiments allows

the computation of conversion profiles in pervaporation-assisted esterification at different

alcohol/acid ratios. The salicylic acid conversions as a function of time show (Figure

4.10) that, with an increase 9B, the ester formation is significantly accelerated. Time

required to achieve 95% conversion of salicylic acid was reduced from 44.9 to 18.5 h by

increasing 9B from 8 to 50 (Figure 4.12). From the 65-0B plot, without economic

considerations, the optimal value for 9B for batch esterification was concluded to be about

20. This is due to the fact that the reaction performance was not improved substantially

when OB values beyond 20 were used.



Table 4.22 Kinetic Information of the Batch Reactions

T

(K)

Molar Ratio, OB

(C1/30/CAO

Cfcat

(rnol/L)

XAee

(%)

kf 0

(mol/L)- (h) -1

kb

(mol/L)-1(h)-1

331 8.00 1.10 94.25 2.191 0.0122 5.568 x 10 -3

336 8.00 1.10 95.81 3.114 0.0233 7.482x 10 -3

341 8.00 1.10 96.94 4.369 0.0672 1.538 x 10 -2

336 8.00 1.10 95.81 3.114 0.0233 7.482x 10 -3

336 21.00 1.10 98.43 3.082 0.0233 7.560 x 10 -3

336 50.00 1.10 99.34 3.063 0.0233 7.607 x 10-3



OB

Figure 4.11 Dependence of Reduction Parameter (a) on Initial Methanol to Salicylic
Acid Molar Ratio
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Figure 4.12 Effect of Initial Molar Ratio (9B) on t95 for Batch Esterification (without
Pervaporation): T = 336 K, Ccat = 1.10 M
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4.4 Effect of the Effective Membrane Area to Solution Volume Ratio, Am/Vo

The ratio An/V0 is an important parameter for determining the water separating capacity

of the pervaporation-integrated system. Due to the fact that the catalyst concentration has

an influence only on the reaction kinetics and not on the pervaporation rates, the

pervaporation experiments were carried out at a constant catalyst concentration of 1.10

mol/L to study the effect of AdVo ratio. To study the effect of An/Vo, the effective

membrane area was varied while keeping the initial reaction volume constant. In this

study, A n/V0 was varied in the range of 27-66 m -1 . The operating temperature of the

reactor and the pervaporation unit was set at 341 K. However, due to heat losses in

transfer lines between the reactor and the pervaporation unit, an average system

temperature was lower than the set temperature. A detailed discussion regarding the

temperature discrepancy is provided in Appendix C of the thesis.

A blank experiment was carried out by using the integrated system without the

membrane (curve 1 in Figure 4.13) to obtain 110 value at the average system temperature.

The obtained kio value was used in the mathematical model to simulate predicted profiles

for pervaporation-assisted esterification. The experimental conversion-time curves are

shown in Figure 4.13; the data are provided in Table 4.23. The influence of A 1/V0 ratio on

the process can be predicted from the model. Figure 4.13 shows computed curves of

conversion rate for different Anfio ratios for a constant permeance (Pw= 2.95x10 -3 m.h-1 ).

The model-predicted profiles appear to be in good agreement with the experimental data

(Figure 4.13).

In a pervaporation-integrated batch reactor, water can be removed more rapidly

by increasing the ratio of the membrane area to solution volume (4 7/V0). A variation of
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the A n/V0 ratio, while keeping other parameters constant, increases the permeation flux of

water through the membrane. Experiments at 341 K and OB = 8 with different membrane

areas were performed and showed that the processing time needed for 95% conversion of

the salicylic acid drops from 30 h in the absence of the pervaporation membrane to 13 h

with a membrane having a specific surface area of 65.9 m." 1 (Figure 4.14). Values of t95

for different Am/V0 ratios are provided in Table 4.24 at specified T, 9B and C„, values.

0.9
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AdVo = 45.1 m-1

0,1:3	 , ® Experimental data

Model simulations
Curve 1: fitting
All others: predicted

An/Vo = 65.9 m -1

An/Vo = 27.3 m-1

AdVo = 0

Reaction time (h)

Figure 4.13 Effect of Effective Membrane Area to Initial Solution Volume Ratio (An/Vo)
on Conversion Profiles of Pervaporation-Assisted Esterification: T = 341 K,
OB = 8, Ccat = 1.10 M



Table 4.23 Experimental and Calculated Conversions for Pervaporation-Assisted Esterification at Different Membrane Area to Initial
Solution Volume Ratios (A,,/V0), T = 341 K, 8B = 8, Coat = 1.10 M

Reaction

time (h)

Am/V0 = 0 Am/Vo= 27.3 m -1 Am/Vo = 45.1 m -1 Am/Vo = 65.9 m-1

XA, exp. (%) XA, calc. (%) XA, exp. (%) XA, calc. (%) XA, exp. (%) XA, calc. (%) XA, exp. (%) XA, calc. (%)

0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.5 14.95 15.23 17.05 15.27 16.81 16.76 17.13 16.78

1.0 26.36 25.81 26.86 25.95 27.51 28.00 27.54 28.09

2.0 40.97 40.56 41.59 41.01 42.81 43.57 43.34 43.92

3.0 51.29 50.80 51.56 51.65 54.67 54.50 54.08 55.15

4.0 59.26 58.47 59.20 59.76 62.57 62.82 62.30 63.77

5.0 65.06 64.48 65.54 66.21 69.68 69.42 69.86 70.64

6.0 69.69 69.31 71.09 71.46 75.23 74.78 76.03 76.22

7.0 73.63 73.27 75.39 75.80 80.16 79.19 81.04 80.79

8.0 76.20 76.56 79.25 79.44 83.67 82.84 84.35 84.56

9.0 78.48 79.32 82.46 82.51 86.00 85.88 86.51 87.65
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Figure 4.14 Effect of Effective Membrane Area to Initial Solution Volume Ratio (24,a/0
on t95 for Pervaporation-Assisted Esterification: T = 341 K, OB = 8, C cal =
1.10 M

Table 4.24 Effect of Effective Membrane Area to Initial Volume Ratio (AWN on t95 for
Pervaporation-Assisted Esterification

Am/Vo (m-1 )
,

t95 (h)

0.0 30.14

27.3 16.82

45.1 14.09

65.9 12.79

Experimental conditions: T = 341 K, 9B = 8, C„, = 1.10 M
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Figure 4.15 Effect of Effective Membrane Area to Initial Solution Volume Ratio
(A m/V0) on Water Concentration in the Pervaporation-Integrated Batch
Reactor: T = 341 K, BB = 8, Ccat = 1.10 M

The calculated concentrations of water at different A n/Vo ratios shown in Figure

4.15 illustrate how water concentration changes with reaction time in the pervaporation-

integrated reactor. It can be seen that when the membrane is used to enhance the reaction

performance, water concentration undergoes a maximum as reaction proceeds. The
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increase in A n/Vo ratio leads to a faster conversion of acid and alcohol to ester, and to a

decrease in the areas under the curves, i.e. to a lesser accumulation of water in the

reactor; this lower accumulation favors increased forward reaction because it reduces the

ester hydrolysis.

The existence of a maximum in the water concentration versus time plots is

caused by two competing effects: one is the water formation due to the reaction, which

tends to cause water build-up in the reactor, and the other water removal by

pervaporation, which tends to lower water concentration in the reactor. During the early

period of reaction, the rate of chemical reaction is high, whereas water concentration is

low and so is the rate of water removal from the reactor. Consequently, water

concentration gradually increases until it reaches a maximum when its formation and

removal rates become equal. Thereafter the rate of water removal is faster than the rate of

formation, resulting in depletion of water from the reactor. Naturally, for a given reaction

system, the larger the value of ilm/Vo, the shorter the time required for water to reach the

maximum concentration and the smaller the magnitude of the maximum water

concentration, as shown in Figure 4.15.

4.5 Selectivity of the Poly(vinyl alcohol)-based Composite (GFT) Membrane

The analysis of permeate indicated the presence of two components, water and methanol.

The average concentration of methanol was found to be 7.71% by volume. The

selectivity of water over methanol of the GFT membrane can be calculated according to

equation 4.3:

Yw IYB aWIB =
XjvIXB

(4.3)
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where yw and yB are the molar concentrations of water and methanol in the permeate and

xw and xB are the molar concentrations of water and methanol in the feed. The average

selectivity of the GFT membrane was found to be 568. The poly(vinyl alcohol)-based

membrane has a high selectivity for water over the alcohol; however this polymeric

material contains secondary alcohol groups which could also be esterified by the

carboxylic acid in the presence of the catalyst. It was found that the membrane

performance deteriorated after contacting with the reaction mixture at high temperature

for 24 h. A physical change that could be observed was a change of the membrane color,

which became darker compared to a fresh (unused) membrane.

In the mathematical model, it was assumed that the pervaporation membrane

allows only water to pass through. The assumption means the methanol flux (JB) is equal

to zero. According to the experimental results, the assumption is reasonable because the

errors caused by it are always less than —0.04%. A detailed discussion regarding the

impact of methanol flux on calculated conversion-time profiles of pervaporation-assisted

esterification is provided in Appendix D of the thesis.

4.6 Effect of Temperature on the Pervaporation-Integrated System

Experimental results (Figure 4.16) show that an increase in temperature causes, as

expected, an acceleration of esterification but also an acceleration of pervaporation.

Detailed values are provided in Table 4.25. The corresponding water contents in the

reactor during the reaction are shown in Figure 4.17. The water concentration increases

and decreases much faster at higher temperature. The maximum points of water

concentrations shift towards shorter times when the temperature increases. This indicates
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a stronger acceleration of the water removal rate by the pervaporation. The temperature

affected the pervaporation by an increase in the transmembrane flux of the more

permeable component (water). Besides, the partial vapor pressure of water was increased

by an increase in temperature.

Reaction time (h)

Figure 4.16 Effect of Reaction Temperature on Pervaporation-Assisted Esterification:
BB = 8.0, Ccat = 1.10 M, An/Vo = 65.9 n1 1
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Table 4.25 Experimental and Calculated Conversions for Pervaporation-Assisted
Esterification at T = 341 and T = 345 K

Reaction time (h)
T= 341K T= 345 K

XA, exp. (%) XA, calc. (%) XA, exp. (%) XA, calc. (%)

0.0 0.00 0.00 0.00 0.00

0.5 17.13 16.78 17.82 17.56

1.0 27.54 28.09 30.76 29.63

2.0 43.34 43.92 48.49 47.59

3.0 54.08 55.15 60.93 61.00

4.0 62.30 63.77 70.42 71.34

5.0 69.86 70.64 76.59 79.26

6.0 76.03 76.22 84.03 85.22

7.0 81.04 80.79 88.44 89.63

8.0 84.35 84.56 92.72 92.82

9.0 86.51 87.65 95.29  95.08

Experimental conditions: OB= 8.0, Ccat = 1.10 M, A m/Vo = 65.9 m-1
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Figure 4.17 Effect of Reaction Temperature on Water Concentration in the
Pervaporation-Integrated Batch Reactor: 9B = 8, Ccat = 1.10 M, A„/V0 =
65.9m 1
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4.7 Comparison between the Effect of the Process Parameters
(Temperature, Catalyst Concentration, OB, and AniVo)

The effects of the process parameters, T, C cat, OB, and A m/Vo, are interrelated, and can be

used to predict optimum operating conditions for the production process. These four

parameters can be categorized into three groups:

+ Factors affecting only the esterification kinetics: catalyst concentration, and initial

molar ratio of methanol to salicylic acid.

♦ Factors affecting only the pervaporation kinetics: ratio of effective membrane area to

volume of reaction mixture.

+ Factors affecting both the esterification and pervaporation kinetics: temperature.

To compare the effect of these different factors, the calculated time needed to

achieve certain values of salicylic acid conversion (t90 and t95) were used. All curves

obtained from the calculated values of t90 and t95 have the same pattern (Figure 4.18). In

the case of the two parameters, initial molar ratio (OB) and An/T70, without any economic

consideration, it appears that there is an optimum value of each parameter for a fast

conversion of salicylic acid. The optimum values for 8B was about 20. This is due to the

fact that there was not much reduction of the t95 beyond OB equal to 20. For AniVo ratio, it

was found that the optimum value would be about 45 ni." 1 , which gives rise to 95% of

conversion in 14 hours. However, a simultaneous cost optimization may yield other

optimum values.

Temperature has the strongest impact on the performance of the integrated

process because it influences both the esterification and pervaporation rates.
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Figure 4.18 Comparison of the Effect of T, Ccat, OB, and Am/V0 on 190 and 195
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The catalyst concentration is the second most effective parameter. Although it

affects only the kinetics of esterification it is rather efficient. It has been discussed earlier

that the separation cost in downstream processes may affect significantly the economy of

the overall process by using a large amount of catalyst.

The ratio of membrane area to reaction volume and the initial molar ratio of

methanol to salicylic acid appeared to have the same influence on the time required to

attain a certain value of conversion. However, as mentioned before, there are several

disadvantages of using a B, value to drive the reaction. First, by using a high OR, a large

amount of waste of the unreacted feed component will be generated; it has to be

separated from the desired product which increases the operational cost for separation.

Second, the production cost will increase due to the use of a large amount of reactant.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Pervaporation was shown to be an effective means for dehydration of reaction mixtures

in esterification processes. By integrating a pervaporation unit to a conventional batch

reactor, the production rate of the esterification process can be increased substantially.

Likewise, the reaction equilibrium can be significantly shifted towards the final products.

Experimental data obtained with poly(vinyl alcohol)-based membranes as well as

modeling results for esterification in the presence and absence of pervaporation support

such claims.

This study has shown that the esterification externally coupled with pervaporation

is governed by four main parameters: temperature, catalyst concentration, initial molar

ratio of alcohol to acid, and Am/V0 ratio. The effect of these parameters on the conversion

rate for ester production was investigated experimentally and modeled. Their impact can

be classified according to the order: temperature > catalyst concentration > initial molar

ratio of methanol to salicylic acid effective membrane area to reaction volume ratio.

The process was described by a detailed mathematical model, which takes into

consideration details of the reaction kinetics. To validate the model, independent batch

kinetic experiments were performed with different initial molar ratio of the reactants (9B)

and catalyst concentrations at different temperatures. The catalyst was sulfuric acid at

concentrations varying from 0.5 to 2.0 molar. Based on batch kinetic experiments, the

75
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rate constant of the forward reaction was found to have a linear dependence on the

catalyst concentration.

The mathematical model described successfully the performance of the integrated

(pervaporation-assisted) system. The validated model can be used in simulation studies

for parameter sensitivity and optimization purposes. However, cost optimization would

be needed if an industrial operation is considered.

5.2 Recommendations for Further Research

It is recommended to proceed with a modification of the model presented in this thesis to

include the influence of the reaction mechanism of this specific reaction between salicylic

acid and methanol in the presence of sulfuric acid as a catalyst. The acid-catalyzed

esterification reaction is a complicated reaction and it is more complex than that given by

the usual equation. According to the reaction kinetics included in the present model, the

reaction between salicylic acid and methanol was assumed to be of the bimolecular-type

(Figure 5.1). However, due to the fact that salicylic acid is an ortho-substituted aromatic

carboxylic, it could react with methanol by the Awl mechanism (unimolecular) (Figure

5.2). For the best prediction, the theoretical rate equation should be derived based on the

true mechanisms of this specific reaction. A fundamental understanding of the

mechanistic viewpoint of this specific reaction is necessary for calculation, simulation,

and design of the process.

As mentioned above, the use of large amounts of sulfuric acid as a catalyst in the

esterification leads to an increase in the operational cost for subsequent separations at

downstream processes; it would be advantageous if heterogeneous catalytic materials could
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Figure 5.1 AAc2 (Acid-Catalyzed, Acyl-Oxygen Cleavage, Bimolecular) Mechanism
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Figure 5.2 Awl (Acid-Catalyzed, Acyl-Oxygen Cleavage, Unimolecular) Mechanism
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be applied to this specific reaction. It is recommended to study an alternative process for

synthesis of methyl salicylate by using an acid ion exchange resin. By the immobilization

of protons in this polymeric material, no acid is dissolved in the reaction mass and

therefore no neutralization is necessary. Once the system is developed, one can apply the

pervaporation unit into the process to enhance the reaction performance. It will be useful

to develop the mathematical model including the kinetics of heterogeneous catalysis and

membrane performance, which could be used for optimization of the process design.

From the engineering design viewpoint, the membrane stability is one of the most

important issues that have to be considered. The ability of a membrane to maintain both

the permeability and selectivity under specific system conditions for an extended period

of time is important for the process design.

By employing the poly(vinyl alcohol)-based membranes in esterification process,

the membrane is exposed to concentrated acids at high temperature. As discussed earlier

in the thesis, salicylic acid in the presence of sulfuric acid in the reaction mixture can

esterify the membranes. Consequently, the life of the membrane is shorter than hoped for.

To use pervaporation as economically as possible, a factor that has to be considered is the

membrane life. Besides the high transmembrane flux and selectivity, the pervaporation

membrane selected for the process should have a longer life span. A membrane with

longer life span needs to be replaced less often and therefore results in lower operating

costs. For the studied system, water has to be separated from the reaction mixture that has

a high concentration of methanol. Due to the small size of methanol molecules, the

selected membrane must have a high selectivity of water over methanol. There is no

alternative other than poly(vinyl alcohol) composite membrane for this case. However,
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for other esterification systems using higher molecular weight alcohols such as butanol,

one might consider other membranes as alternatives. A type of membranes that can be

considered as an option to use with esterification processes is a perfluorinated membrane

such as a Nafion-like membrane. Nafion is a perfluorinated ion-exchange membrane

endowed with both catalytic and separative properties, which is useful to facilitate

esterification processes. Although the Nafion-like membranes are not highly selective for

water over alcohols (especially lower molecular weight ones such as methanol), they can

be used for esterification of carboxylic acids with higher molecular weight alcohols such

as butanol. An advantage of the Nafion-like membranes over the poly(vinyl alcohol)

composite membranes is their stability. Since the Nafion-like membranes do not have

secondary alcohol groups, they will not get esterified by carboxylic acid in the presence

of catalyst. Moreover, The Nafion-like membranes are a group of polymeric materials

that contain fluorocarbon backbones, therefore, they will be able to withstand high

temperature and severe chemical environments better than the poly(vinyl alcohol)-based

membranes. It is an interesting area of research to explore the possibilities of applying

this type of membranes to pervaporation-facilitated processes.



APPENDIX A

RATE CONSTANT DETERMINATION METHODOLOGY AND
SAMPLE SIMULATIONS OF BATCH ESTERIFICATION PROCESS

Esterification of salicylic acid with methanol is represented by the following

stoichiometric equation:

k
RCOOH + R' OH	 RCOOR' + H20

b
(A)	 (B)	 (E)	 (W)

where kf is the forward reaction rate constant and kb is the reverse reaction rate constant.

The rate expression according to equation A.1 is

— k fCACB— kb CE Cw
dt

Considering the stoichiometry of equation A.1, the concentration of any species at

any instant for the constant-volume system can be written as

CA = CA0(1 —XA)	 (A.3)

CB =CA0(6)B—XA)	 (A.4)

CE CA0(°E +XA)	 (A.5)

Cw = CA0 (0w +XA ) 	 (A.6)

Substitute equation A.3 to A.6 into equation A.2 yields

=CAO{k 1 (1 — XA X B -- XA ) — kb X A2 1 	 (A.7)

Figure A.1 shows one example of data fitting for a particular experiment

performed at T = 336 K, 61B = 8.0 and Ccat = 1.10 M. The experimental conversion data up

(A.1)

dCA
(A.2)

dX A

dt
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XA = -0.1792t4+0.4210t3 -0.4201t2+0.4254t

R2 = 1.00
Experimental data
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to 1 h are provided in Table A.1. The set of parameters used in the sample calculation is

as follows:

CAO 	 2.324 mol/L

kfo	 2.33 x 10-2 L/(mol.h)

Ke 	3.114

a 	 1.62 L/mol

Vo 	 272.1 mL

0.3

k'
0.2

e
2
CA
CD

0
U

0.1

0.0
0.00	 0.25	 0.50	 0.75	 1.00

Reaction time (h)

Figure A.1 Conversion-Time Curve of Batch Esterification at T = 336 K when 6B = 8.0
and C„, = 1.10 M
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Table A.1 Experimental Conversions for Batch Esterification at T = 336 K when OB = 8.0
and Ccat = 1.10 M

Reaction time (h) XA, exp. (%)

0.00 0.00

0.25 8.60

0.50 14.91

0.75 20.37

1.00 24.71

Initial forward rate constant can be determined from equation A.7. Rearranging equation

A.7 gives

dX A 
dt

kf=kf0=
CA09B

(A.8)

is a slope at the origin of the plot of conversion versus time (Figure A.1)
t.0

where 
dX

dt

which can be determined by differentiating the fitted polynomial curve with respect to

time and setting XA equal to zero.

dX A 	= - 0.7168t 3 	+1.2630t 2 — 0.8402d + 0.4254
dt / . 0 	t=0	 (.0 	 t=0

= 0.4254 11 -1

Consequently, k can be calculated from equation A.8 as

0.4254
k „ = 	 = 2.288 x10 -2 (mol/L) -1 (h) -1

2.324x 8.0

The set of differential and algebraic equations was solved through numerical

integration technique by using this calculated kit) as an initial value in the model. Results
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of the integrations were compared with experimental data either graphically or

quantitatively*, and used to estimate value for kj which best fit the mathematical model

to the data. The final value of kfi) was calculated as 2.330 x 10 -2 (mol/L)1 (h) -1 . This final

value of kio was used to simulate the model-fitted conversion-time profile as shown in

Figure 4.1.

MATHEMATICA® software codes for the batch simulation performed at T = 336 K

when OB = 8.0 and Gat = 1.10 M. are provided in the next pages.

* (based on differences between experimental and calculated values from fitting)



Simulations of Batch Esterification Process
T = 336 K, mo = 8.0, Gat =1.10M

inr11:= cAo = 2324 (* 	 *)

Out[ij= 2324

In f21 := kfo = 2.33 x 10 -5 (* 	
m3 *)

Out[2]---- 0.0000233

m3In[3]:= am 1.62 / 1000 (* 7;37 *)

Out[3]= 0.00162

kfo
In[4] := kf 	  (* 	 *)

mol.h

Out[4.7=
1+3.76488 ..[.t]

Inj5] := Ke = 3.114

Out[5]= 3.114

In (6] := eB = 8

Out[6]= 8

In[7] := eE = o

out (7]= 0

In[8] := e„ = o

Out[8]= 0

In [9] : = MA = 0.13812 (*

Out[9]= 0.13812

In[10] := MB = 0.03204 (* 	 *)

Out ri 0]= 0.03204

In[11] := ME = 0.15215 (* mo*)

Out Hi .1= 0.15215

In[12] := Mw = 0.018016 (**)moi

Out[12]= 0.018016
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3

(1+ a cAo C[t])

0.0000233

Printed by Mathematica for Students
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k3g *)

kg 	 )

kg
-3 	 /

In[13] := PA = 1443 (*

outf13].= 1443

In[14] := pB = 791.4 (*

Out 1- 14.7= 791.4

In[15] := pE = 1181 (*

Outr15.7= 1181

Out[18]-= X' [t]
1 + 3.76488 e[t]

0.0541492 ( (1 - X[t] ) (8 -X[t]) - 0.32113 X[t] e[t])

In[16] := Pw = 9 78 (* ):7?" *)

Out [16] = 978

In[17] := Vo = 272.1 x 10 -6 (* m3 *)

Out[17]= 0.0002721

In [18] = X' [t.] == ki CAo (( (1 - X[t] ) (eB -x[t])) 	
(Eh + X [t] )[t]

Ke

	(eE +x[t]) c[t]
 -Inr1.9] := 	 = 	 NDSolve[{X' [t] == k f CAD ( ( 1 X [t] ) (eB X [t] ) )

)

Ke

[t] == 0,

[t] 	 [t] 	 [t]
[t] == 

u[t] 	
, X[0] == 0, e [0] == 0, u[0] == 11,

{X[t] , e'[t] , u[t] } , {t, 0, 50}]

	Out [/9]-= { {X [t] 	 InterpolatingFunction[{ {0. , 50.}1, <>I [t] ,

	

e [t] 	 InterpolatingFunction[f {O. , 50.}1, <>I [t] ,

	

u[t] 	 InterpolatingFunction[ {0 , 50.}} , <>] [t] )1

Printed by Mathematica for Students
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In[20]:= Result, =Table{{t, Evaluate[X[t] I. 	 {t, 0, 10, 0.5}];
TableForm[Resulti ]

Out [20]//TableForm=
0 0.
0.5 0.152475
1. 0.248185
1.5 0.319957
2. 0.377719
2.5 0.426062
3. 0.467552
3.5 0.503792
4. 0.535861
4.5 0.564525
5. 0.590352
5.5 0.613774
6. 0.635132
6.5 0.654695
7. 0.672686
7.5 0.689287
8. 0.704649
8.5 0.718903
9. 0.732159
9.5 0.744512
10. 0.756045

In[21]:= Simulation i	Plot[Evaluate[X[t] I. Sold, {t, 0, 10),

PlotRange-+ {0, 1}]

2	 4	 6	 8	 10

Out [21] = - Graphics -

1'1[22] := data]. =
{{0, 0}, {0.25, 0.0860}, {0.5, 0.1491}, {0.75, 0.2037}, {1, 0.2471},
{2, 0.3710}, {4, 0.5230}, {6, 0.6186}, {8, 0.6821}, {10, 0.7324}1

Out(22]= {{0, 0}, {0.25, 0.086}, {0.5, 0.1491}, {0.75, 0.2037}, {1, 0.2471},

{2, 0.371}, {4, 0.523}, {6, 0.6186}, {8, 0.6821}, {10, 0.7324})

Printed by Mathernatica for Students



0 . 7

0 . 6

0 . 5

0 . 4

0 . 3

0 . 2

0 . 1

2 4 6 10

In [ 23] := dataplot1 = ListPlot [data i , Prolog -> AbsolutePointSize [4] ] ;
•

0 . 7 - •

0 . 6 - e

0 . 5 -

e

0 . 4 -
•

0 . 3 -
•

0 . 2 - 	 •
•

0 . 1 - ,

2 	 4 	 6 	 8 	 10

In [ 24] := Show [dataploti , Simulationi ]

Out [24]= - Graphics -
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APPENDIX B

SAMPLE SIMULATIONS OF PERVAPORATION-ASSISTED
ESTERIFICATION PROCESS BY MATHEMATICA ® SOFTWARE PACKAGE

Simulations of an arbitrary pervaporation-assisted esterification process by

MATHEMATICA® software package are provided here. MATHEMATICA® codes for the

simulation are corresponding to the experiment performed at T = 336 K when OB = 8.0, Coat

= 1.10 M. and A m/V0 = 65.9 m -1 . The set of parameters used in the sample calculation is

as follows:

CAO	 2.191 mol/L

kio	 2.52 x 10 -2 L/(mol.h)

Ke 	4.37

a	 1.025 L/mol

Vo	 476.2 mL
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*)ma]. h

Simulations of Pervaporation-Assisted
Esterification Process

T= 341 K, Gat = 1.10 M, mo = 8.0, A,n/Vo = 65.9 m -1

In [1] := Am = 314 x 10 -4 (* m2 *)

89

157
5000

Out [1] -

In[2] := CA0 = 2191 (* 'N-rn 	*)

Out[2]= 2191

In [3] := kfo = 2.52 x 10 -5 (*  :3 h *

Out [3]= 0.0000252

In [4] := a = 1.025 / 1000 (* 	 *)
mol

Out [4.7= 0.001025

In [5] := kf = 
kfo 	

(*(1 + a cAo f[t])

Out [5] —

0.0000252
1 + 2.24577 C[t]

In[ 6] := Ke = 4.37

Out[6]-- 4.37

In [7]:= eB = 8

Out [7].= 8

In[8] := eE = o

Out [8]= 0

In [9] :=	 o

Out [ 9] = 0

In [10] := MA = 0.13812 (* oz *)

Out[10]--- 0.13812

In [11] := MB = 0.03204 (* 	 *)

Out (11] .= 0.03204

Printed by Mathematica for Students



In[12] := ME = 0.15215 (* ;it *)

Out[12]= 0.15215

In[13] := Mw = 0.018016 (* og *)

out f13]= 0.018016

In[14] := pA = 1443 (* kg*)

Out(141= 1443

In[15]:= pB = 791.4 (* jr.5- *)

Out[15] = 791.4

In[16]:= PE = 1181 (* kg *)

Out[16]= 1181

In[17]:=

Out [17]=

In[18]:=

Out[18]=

In [19]

Out[19]=

In[20] :=

Out [20]= 0

In[21] := Pw = 0.00295 (* n*)

Out[21]= 0.00295

In[22] := V0 = 476.2 x 10 -6 (* m3 *

Out[22]-- 0.0004762

Am
In[23] - ( * 

1 *)

90

pw = 978

978

(* }:-.73g-

mol

*)

JA = 0 ( * * )7277

0

jE = 0 (*
mol * ).2 , h

0

lJE = 0 ( * le).mo
2 . h

Out[23]= 65.9387

In[24] := Jw =PW CAO e[t] (*

Out[24]= 6.46345 "[ -t.]

mol
m2 • h *)

Printed by Mathematica for Students



Out r251= X' [t]

In[26] := 	 [t]

Out[261= u' [t]

91

( (1 - X[t]) (eB - X[t]) 	 (eE +X[t]) CR]
In [25] := X' [t] == kf CAo

u [t] 	 Ke

1-X[t]) (8-X[t])  )
u[t]0.0552132 (-0.228833 X[t] [t] +

== 	
1 + 2.24577 flt]

Am ( JA MA + JE ma 	 + 	 JE ME 	.-7104,7+
PA PB 	 PE	 Pw==

Vo

== -0.00785099 - [t]

[t] - e[t] 	 [t]
Vo CAO

u [t]
In[27] 	 ' [t] ==

0ut[27]= 	 ' [ t] ==
U[t]

In [28] := Soil = NDSolve [ {X' R.] == kf CAO ( 
( 1 - x[t]) (e, - x[t]) 	 (e, +x[t}) e [t]

u[t] 	 Ke

Am ( JAmA + ..7}2. MB + JE ME + Jif MW )

L/"' [t] ==
k PA 	 PS 	 PE 	 Pw I

-0.194519 [t] +X' [t] -C[t] ul [t]

Vo

Ant Jw
V0 CAC

X' [t] - [t] u' [t]

u[t]

{X{t] , 	 [t] , u[t]}, {t, 0, 50}]

, X[0] == 0, C[0] == 0, u[0] ==[t] ==

	Out[28]= {{X [t]	 InterpolatingFunction[{{0., 50. }}, <>] [t],

[t] --> InterpolatingFunction[{{0., 50. }}, <>] [t],

	

u[t] 	 InterpolatingFunction[{ {O., 50. } } , <>] [t] }}

Printed by Mathernatica for Students



In[29] := Result ]. = Table[{t, Evaluate[X[t] /. Sol].]}, {t, 0, 10, 0 - 5 }] ;
TableForm[Resultd

Out[29]//TableForm=

0 0.
0.5 0.167849
1. 0.280925
1.5 0.367992
2. 0.439178
2.5 0.499401
3. 0.55147
3.5 0.597159
4. 0.63767
4.5 0.67386
5. 0.706364
5.5 0.735672
6. 0.76217
6.5 0.78617
7. 0.80793
7.5 0.82767
8. 0.845575
8.5 0.86181
9. 0.876517
9.5 0.889827
10. 0.901855

In (30] := Simulation ], = Plot[Evaluate[X[t] I. Soli] , {t, 0, 10} ,
PlotRange -4 {0, 1})

2 	 4 	 6 	 8 	 10

out [30]-- - Graphics -

92

Printed by Mathematica for Students



In [31] := Result2 = Table[{t, Evaluate[4. [t] /. Sold}, {t, 0, 10, 0.5}];
TableForm[Result2]

Out [31) //TableForm=
0 0.
0.5 0.159343
1. 0.252291
1.5 0.312126
2. 0.351457
2.5 0.376801
3. 0.392079
3.5 0.399877
4. 0.402003
4.5 0.399779
5. 0.394201
5.5 0.386035
6. 0.375883
6.5 0.364226
7. 0.351449
7.5 0.337865
8. 0.32373
8.5 0.309256
9. 0.294615
9.5 0.279951
10. 0.265383

In [ 32 ] := Simulation2 = Plot[Evaluate[f[t] /. Sol i ], {t, 0, 10},
PlotRange .4 {0, 1}]

1

0 . 8

0 . 6

0 . 4

0 . 2

2	 4	 6	 8	 10

Out [ 32 ]= - Graphics -
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0.995

0.99

0.985

0.98

0.975

Out[34]= - Graphics -

4 6 	 8 	 10

In[33]:= Result3 = Ta.blef{t, Evaluate[u[t] /. Sold}, {t, 0, 10, 0.5}];
TableForm[Result3 ]

Out[33]//TableForm=
0 1.
0.5 0.999654
1. 0.998832
1.5 0.997716
2. 0.996409
2.5 0.994975
3. 0.993463
3.5 0.991907
4. 0.990331
4.5 0.988756
5. 0.987197
5.5 0.985665
6. 0.984169
6.5 0.982716
7. 0.981311
7.5 0.979958
8. 0.978659
8.5 0.977417
9. 0.976231
9.5 0.975104
10. 0.974033

In (34] := Simulation3 = Plot[Evaluate[ f[t] /. Sol i ], {t, 0, 10}]

94

In[35]:= data 1 = {{0, 0}, {0.5, 0.171318}, {1, 0.275365}, {2, 0.433448},

{3, 0.540752}, {4, 0.62297}, {5, 0.6986}, {6, 0.760346},

{7, 0.810399}, {8, 0.843497}, {9, 0.865146})

Out[35]= {{0, 0}, {0.5, 0.171318}, {1, 0.275365}, {2, 0.433448}, {3, 0.540752},
{4, 0.62297}, {5, 0.6986}, {6, 0.760346}, {7, 0.810399},
{8, 0.843497}, {9, 0.865146}}
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2 4 6 8

In [37] := Show[dataplot l , Simulation s ]

0 . 8

0 . 6

0 . 4

0 . 2

2 4 6 10

Out [37] = - Graphics -

In (36] := dataploti = ListPlot[data i , Prolog -> AbsolutePointSize[4] ] ;

95

Printed by Mathematica for Students



In[38]:= Simulation 4 = Plot[Evaluate[X[t] I. Sold,
PlotRange-) {0, 1}]

{t, 0, 36},

1

0.8

0.6

0.4

0.2

5 	 10 	 15 	 20 	 25 30 35

out[38]= - Graphics -

In [39] : = Simulations = Plot [Evaluate[C[t] / . Soli] f
{t, 0 , 3 6} I

PlotRange-, {0, 0.5}]

5 	 10 	 15 	 20 	 25 	 30 	 35

out[39]= - Graphics -
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In [ 401 := Show [ Simulation4 , Simulation]]

5 	 10 	 15 	 20 	 25 	 30 	 35

Out (401= - Graphics -
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APPENDIX C

IMPACT OF TEMPERATURE DISCREPANCY BETWEEN REACTOR VESSEL
AND INTEGRATED SYSTEM ON REACTION RATE CONSTANTS

In the pervaporation-assisted esterification experiments, the temperature of the reaction

mixture inside the reactor and the pervaporation unit was maintained at the same

temperature. However, due to heat losses in transfer lines between the reactor and the

pervaporation unit, the average temperature of the integrated system was lower than the

temperature set at the reactor and the pervaporation unit.

Because of the temperature discrepancy, the rate constants obtained from the batch

experiments can not be used for simulations of the pervaporation-assisted esterification

performed at the same temperature. Therefore, to overcome the problem arising from

temperature discrepancy, a blank experiment was carried out by using the integrated system

without the membrane to obtain a value of 19) at the average system temperature.

According to the Arrhenius equation (equation 4.1), the average system temperature

could be estimated by employing the activation energy and frequency factor obtained from

the batch experiments which were 135.09 Id/mol and 2.667 x 10 19 L/(mol.h) respectively. A

sample calculation to show the impact of the temperature discrepancy is provided here for a

particular pervaporation-assisted esterification experiment conducted at 341 K, 9B = 8, Ccat =

1.10 M, and An/Vo = 65.9 in -1 . A 190 value of 2.52 x 10 -2 L/(mol.h) was obtained by fitting

the experimental data to the mathematical model. The average system temperature was

calculated to be 336 K by using this kjo value.

Although the temperature of the reactor and the pervaporation unit were fixed at

341 K, the calculated average system temperature was lower by 5 K. Conversion-time
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profiles were simulated at 341 and 336 K to illustrate the effect of temperature discrepancy

(Figure C.1).

Reaction time (h)

Figure C.1 Impact of Temperature Discrepancy between the Reactor Temperature and
the Integrated System on Conversion-Time Profiles of the Pervaporation-
Assisted Esterification



APPENDIX D

IMPACT OF METHANOL FLUX ON CALCULATED CONVERSION-TIME
PROFILES OF PERVAPORATION-ASSISTED ESTERIFICATION

In the mathematical model for pervaporation-assisted esterification, the pervaporation

membrane was assumed to be a perfect water permeable membrane, JA = JB = 0.

However, from the analysis, the permeate consists of two components, water and

methanol. Although the methanol concentration was found to be small (7.71% by

volume), it may affect the calculated results for the pervaporation-assisted esterification.

Therefore, a sensitivity of the methanol flux will be discussed here to determine the

impact of this parameter on the model. Calculations shown here are for pervaporation-

assisted esterification experiment conducted at T = 341 K with BB = 8, Ccat = 1.10 M, and

A n/Vo = 65.9 m-1 . From this experiment, the average methanol flux over a range of

reaction time was calculated to be 0.1223 mol/(m2 .h).

The set of differential and algebraic equations was solved through numerical

integration technique as discussed before for the set of operating parameters. One

calculation was performed by setting JB = 0 and another was performed by setting JB

0.1224 mol/(m2 .h). Results of the calculations are provided in Table D.1. Errors caused

by assuming JB = 0 are less than —0.04%, therefore it is reasonable to use this assumption

in the model.
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Table D.1 Calculated Conversions for Pervaporation-Assisted Esterification at T = 341 K
when OB= 8, Gat = 1.10 M, and A n/Vo= 65.9 m-1

Reaction

time (h)

XA, calc (%)

(JB = 0)

XA, calc (%)

(JB = 0.1224 mol/(m2 .h))

Percent

Error

0 0.00 0.00 0.0000

1 28.09 28.09 0.0000

2 43.92 43.92 0.0000

3 55.15 55.16 -0.0181

4 63.77 63.78 -0.0157

5 70.64 70.65 -0.0142

6 76.22 76.24 -0.0262

7 80.79 80.81 -0.0247

8 84.56 84.58  -0.0236

9 87.65 87.68 -0.0342

10 90.19 90.21 -0.0222
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