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In a conventional process of biodiesel production, glycerol is obtained as     
by-product. Increases in demand and production of biodiesel enlarge the amount of 
glycerol generated. Efficient utilization of crude glycerol could lead to significant 
economic and environmental benefits. The production of triacetin, which is an important 
chemical used in various applications, might be of potential interest to add value of 
crude glycerol. The purpose of this work is to study the esterification of glycerol with 
acetic acid to produce triacetin. Due to the nature of the equilibrium-limited 
esterification reaction, a reactive distillation in which chemical reaction and separation 
are carried out at the same time, is considered to improve the triacetin production. The 
study was divided into 3 parts. In the first part, effect of key design and operating 
parameters on the performance of triacetin production was studied. The simulation 
results showed that when glycerol and acetic acid are fed into the reactive distillation at 
temperature of 25 oC and acetic acid to glycerol ratio of six, the glycerol conversion of 
99% and the triacetin purity of 99.9% can be achieved. Based on a total annual cost 
analysis, the optimal configuration of reactive distillation column consists of 26 reactive 
stages. In the second part, design of a reactive distillation based on a concept of 
thermally coupled distillation sequence was performed. The energy utilization of 
triacetin production obtained from this arrangement was analyzed and compared to a 
conventional configuration without thermal coupling. The results showed the energy 
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at different ratios of methanol and glycerol on triacetin production was investigated. The 
results indicated that an increase of methanol in the crude glycerol derived from 
biodiesel production decreases the purity of triacetin obtained. In addition, the mole 
fraction of water at the distillate stream is decreased. However, the conversion of 
glycerol and the yield of triacetin obtained with crude glycerol are slightly lower than 
those with pure glycerol. 
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CHAPTER I 

 

INTRODUCTION 
 

 

1.1 Introduction 

  

Biodiesel is an important alternative energy source that can be derived from 

vegetable oils or animal fats. It is biodegradable, non-toxic and environmentally 

friendly. In a conventional process of biodiesel production, glycerol is generated as a 

by-product (approximately 10 wt.% of vegetable oil) (Dasari et al., 2005). As the 

demand and production of biodiesel increase, a large amount of glycerol will be 

obtained. In general, crude glycerol derived from biodiesel production always 

contains impurities, e.g., methanol and soap (Thompson and He, 2006) and its 

composition depends on the biodiesel feedstock, the catalyst used, and the degree of 

post-reaction cleanup such as acidulation and demethylization (Bohon et al., 2010). 

This makes crude glycerol from biodiesel production process be low price. To 

increase the competitive potential of biodiesel, a number of researches have been 

being explored to find useful applications for glycerol as this could reduce biodiesel 

production cost. 

Glycerol is considered a valuable chemical that is widely used in cosmetic, 

food, pharmaceutical and personal care industries. It can be used as a raw material for 

conversion into valued-added products using thermo-chemical methods (e.g., 

propylene glycol, acetol or triacetin) and biological methods (e.g., 1,3-propanediol, 

lipid and pigment) (Selembo et al., 2009). In addition, crude glycerol is employed as 

fuel for producing hydrogen gas through photo fermentation (Ito et al., 2005). Further, 

the production of glycerol derivatives might be of potential interest to increase the 

value of glycerol.  

Glycerol triacetate, which is also called “triacetin”, is one of the main 

chemical products derived from glycerol. Not only is triacetin derived from natural 
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sources such as cod-liver oil, butter and other fats but also from esterification of 

glycerol with acetic acid. Nowadays, this chemical is used as a plasticizer in various 

applications, a solvent in cosmetic formulations (Wolfson et al., 2009) and also as 

biodiesel additive (Casas et al., 2010). Hence, the production of triacetin might be of 

potential interest to increase value of glycerol. Most previous studies have 

concentrated on the use of a conventional reactor and the synthesis of catalyst for the 

production of triacetin. As the esterification reaction is equilibrium limited, the 

application of a reactive distillation where reaction and separation occur at the same 

time, is an attractive alternative to overcome the thermodynamic equilibrium 

limitation, thus improving the triacetin production process. Further, the use of reactive 

distillation reduces operating cost and capital investment. However, there are few 

studies concerning the design of the reactive distillation for triacetin production. 

The purpose of the present work is to study the esterification process of 

glycerol and acetic acid for the production of triacetin (triacetate ester of glycerol) by 

using a reactive distillation. Simulation studies of reactive distillation are performed 

using Aspen Plus to investigate effects of basis design and operating parameters such 

as reactive stages, molar ratio of acetic acid and glycerol, reflux ratio, feed stage 

location of glycerol and acetic acid, feed temperature and distillate rate. This leads to 

an optimal design of the reactive distillation for triacetin production. Further, to 

improve the energy efficient of reactive distillation, a heat integration of reactive 

distillation is also considered.  

 

1.2 Objectives 

The aim of this study is to design a reactive distillation for triacetin production 

from esterification of glycerol and acetic acid 

 

1.3 Scopes of work 

1.3.1 To study the synthesis of triacetin from esterification of glycerol and 

acetin acid in a reactive distillation. The kinetic rate of such a reaction proposed by 

Jordi Bonet et al. (2009) is used and simulations are performed by using Aspen plus. 
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1.3.2 To investigate the effect of various operating conditions such as feed 

locations of glycerol and acetic acid, distillation rate, reflux ratio, feed temperature 

and reboiler duty, on reactive distillation performance. 

1.3.3 To determine an optimal design of the reactive distillation for triacetin 

production base on a total annual cost analysis. 

1.3.4 To study the effect of using pure glycerol and crude glycerol containing 

methanol on the performance of reactive distillation for triacetin production. 

1.3.5 To investigate a feasibility of heat integration in the reactive distillation 

for the production of triacetin. 

 

1.4 Expected benefit 

1.4.1 Glycerol, a by-product of biodiesel production, can be used for the 

production of triacetin, which is a high-value substance in various industries. This 

would reduce biodiesel production cost and promote competitive potential of 

biodiesel. 

1.4.2 A suitable operating conditions and configuration of a reactive 

distillation for triacetin production can be determined. 

1.4.3 Design of a reactive distillation based on a heat integration concept 

results in an improvement in the energy efficiency of the reactive distillation.  

 

1.5 Methodology of research 

1.5.1 Review the literature on related topics including biodiesel fuel, glycerol, 

triacetin production and reaction kinetics, reactive distillation and its applications.   

1.5.2 Simulate a reactive distillation by using Aspen Plus to investigate the 

esterification process of glycerol and acetic acid for the production of triacetin. To 

study the effect of various operating conditions such as feed stage position of glycerol 

and acetic acid, distillation rate, reflux ratio, feed temperature and reboiler duty, on 

the reactive distillation performance. 

1.5.3 Investigate the effect of using pure glycerol and crude glycerol 

containing methanol on the performance of reactive distillation for triacetin 

production. 
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 1.5.4 Design a reactive distillation with heat integration for triacetin 

production. 

1.5.5 Analyze and conclude the simulation results. 

1.5.6 Write up the thesis and prepare a manuscript for publication. 
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CHAPTER II 

 

LITERATURE REVIEWS 
 

 

2.1 Waste glycerol from biodiesel production 

 

Glycerol has been a well known chemical. It is increasing unavoidable 

formation as a by-product of biodiesel production. Thus, there is an important need to 

develop process for converting the expected enormous quantities of waste glycerol to 

a useful product. In addition, glycerol can be a platform chemical that use as an 

important biorefinery feedstock and conversion of glycerol to other commodity 

chemicals is desirable. 

 

2.1.1 Crude glycerol composition 

 

Crude glycerol derived from biodiesel production process is not pure because 

other contaminants present in the crude glycerol so the price of crude glycerol is 

cheap. Contaminants are found in the crude glycerol contains mostly methanol and 

soap also contains a variety of elements such as calcium, magnesium, phosphorous 

and sulfur (Thompson and He, 2006). The composition of the glycerol by-product that 

can change depending on the raw material for biodiesel production (e.g., vegetable 

oils or animal fats), the catalyst used, and the level of post-reaction cleanup such as 

acidulation and demethylization (Bohon et al., 2010). Many research studied the 

features of crude glycerol from biodiesel production. For example, Thompson and He 

(2006) have characterized the glycerol produced from various biodiesel feedstocks 

such as mustard, rapeseed, canola, crambe, soybean, and waste cooking oils. They 

studied characterized the crude glycerol for its physical, chemical, and nutritional 

properties. They found that the crude glycerol from any feedstock is generally 

between 60 and 70 % (wt) glycerol. Mustard seed feedstock generated a lower level 
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62% of glycerol, while soy oil feedstock had 67.8% of glycerol and waste vegetable 

had the highest level 76.6% of glycerol. Thompson and He (2006) reported that the 

elements present in the glycerol of different feedstock sources namely canola, 

rapeseed and soybean were similar. Calcium was in the range of 3-15 ppm, 

magnesium was 1-2 ppm, phosphorous was 8-13 ppm, and sulfur was 22-26 ppm. 

However, when crambe (oilseed plant) was used as feedstock, crude glycerol included 

the same elements, but largely different concentrations.  

Schroder and Sudekum (1999) also reported the elemental composition of 

crude glycerol from rapeseed oil raw material. Phosphorous was found to be between 

1.05 % and 2.36 % (w/w) of the crude glycerol. Potassium was between 2.20 % and 

2.33%, while sodium was between 0.09% and 0.11%. Cadmium, mercury, and arsenic 

were all lower than the limit are detected. 

 

2.1.2 Use of crude glycerol for various applications. 

 

Because the amount of glycerol derived from biodiesel production process has 

increased continuously. In addition, purification is relatively expensive, which makes 

the process of crude glycerol from biodiesel are greater purity such as filtration, 

chemical additions and fractional vacuum distillation for use in the food, 

pharmaceutical, or cosmetics industries. Further purification steps such as bleaching, 

deodorization and ion exchange are required to remove trace impurities. Purification 

crude glycerol is costly and often out of the range of economical feasibility for small 

and medium sized plants. Therefore it is necessary for the use of crude glycerol 

various methods for disposal and utilization of this crude glycerol including 

combustion, anaerobic digestion, composting, animal-feeding, thermo-chemical 

conversions and biological conversion to increase the value of products. 

Some simple methods for the usage of glycerol have been proposed. For 

example, Athalye et al. (2009) studied the potential of using crude glycerol for 

producing eicosapentaenoic acid (EPA, 20:5 n-3) by the fungus Pythium irregular 

which is producing value-added products through microbial fermentation. The result 

showed that the main impurities in the crude glycerol are soap and methanol, were 

inhibitory the growth of fungi.  



7 

Lammers et al. (2008) investigated the apparent digestible and metabolizable 

energy values of crude glycerin for growing pigs. Kerr et al. (2009) also studied the 

energy value of crude glycerol from various biodiesel production enable was 

determined in nursery pigs to predict apparent digestible and metabolizable energy 

based on the composition of crude glycerin. Lopez et al. (2009) studied the anaerobic 

digestion of glycerol derived from biodiesel manufacturing. They were studied in 

batch laboratory-scale reactors at mesospheric temperature using granular and non-

granular sludge. The anaerobic revalorization of glycerol using granular sludge 

achieved a biodegradability of around 100%. The results indicated that the anaerobic 

digestion could be a good option for revalorizing this available, impure and low 

priced by-product derived from the surplus of biodiesel companies. 

Crude glycerol can be used as a raw material for conversion into valued-added 

products such as propylene glycol and acetol by means of thermo chemical methods 

or 1,3-propanediol, lipid and pigment by way biological.  

In addition, crude glycerol was also used as feedstock for producing hydrogen 

gas through photo fermentation. For instance, Selembo et al. (2009) studied 

converting of glycerol into high value products, such as hydrogen gas and 1,3-

propanediol (PD), was investigated by anaerobic fermentation with a mixed cultures 

that has been heat-treated. The results demonstrate that production of biodiesel can be 

combined with the production of hydrogen and 1,3-propanediol for the best use of 

resources and reduce waste.  

Ito et al. (2005) studied the production of hydrogen and ethanol from glycerol 

containing wastes released after a manufacturing process for biodiesel. They studied 

the use of microorganisms is Enterobacter aerogenes HU-101. 

Sabourin-Provost et al. (2009) studied the photosynthetic bacterium 

Rhodopseudomonas palustris is ability of the photofermentative conversion of 

glycerol, both pure and a crude glycerol fraction, hydrogen fuel in the future. In their 

study, yields obtained with the crude glycerol were nearly or only slightly lower than 

those seen with the pure substances. 

Posada et al. (2010) also studied the production of ethanol from crude and 

pure glycerol are designed and assessment of the economy. These processes consider 

the glycerol fermentation to ethanol is used with Escherichia coli. The results showed 
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that the cost of production of ethanol fuel from raw glycerol will be lower than the 

commercial price of fuel ethanol. 

 

2.2 Production of triacetin 

 

Glycerol triacetate (which is also called “triacetin”) is produced by the 

reaction of acetic acid with glycerol and used as a plasticizer in various applications, 

solvent in cosmetic formulations and also as food and biodiesel additive. Furthermore, 

the production of triacetin might be of potential interest to increase value of glycerol. 

Therefore, it is important to study production of triacetin. In general, the study of 

triacetin is study about the catalyst used in the production process triacetin. For the 

homogeneous catalytic process there are several problems such as corrosion by the 

acid catalysts and the requirement of an extra process to remove the acid catalyst after 

the reaction process. Recently, much attention has been studied the heterogeneous 

solid catalyst, to overcome the problems of using the homogeneous catalyst. Many 

studied using heterogeneous solid catalyst for the production of acetic acid esters such 

as methyl acetate, ethyl acetate, iso-amyl acetate, phenyl acetate, and glycerol 

triacetate. For example, Goncalves et al. (2008) studied the acetylation of glycerol 

with acetic acid catalyzed by different solid acids. Reactions were performed in batch 

mode under reflux. Kinetics of the conversion of glycerol and a selection of products, 

especially mono, di and triacetyl esters has been considered within 30 min of reaction 

time for the main product. The results showed that the Amberlyst-15 acid resin 

offered the best performance, with the highest conversion and selectivity to di and 

triacetylated products. Zeolites HZSM-5 and HUSY presented the worst performance, 

maybe caused diffusion and acid site deactivation problems. 

Balaraju et al. (2009) studied acetylation of glycerol to yield mono, di and 

triacetin was carried over niobic acid supported tungstophosphoric acid (TPA) 

catalysts. The results suggest that the conversion of glycerol and selectivities depend 

on the acidity of the catalysts, which is related to the content of TPA on niobic acid. 

The change in conversion and selectivities during the acetylation also is recognized to 

the reaction time, the concentration of catalyst and glycerol to acetic acid molar ratio.  
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 Reddy et al. (2010) investigated acetylation of glycerol with acetic acid over 

ZrO2, TiO2–ZrO2, WOx/TiO2–ZrO2 and MoO3/TiO2–ZrO2 solid acid catalysts to 

synthesize monoacetin, diacetin and triacetin. The effect of various parameters such 

as reaction temperature, molar ratio of acetic acid to glycerol, catalyst wt.% and time-

on stream were studied to optimize the reaction conditions. In their experiment, the 

MoO3/TiO2–ZrO2 combination exhibited highest conversion (~100%) with a selection 

of the best product. 

Furthermore, there is also studied of the triacetin as utilized for solvent or 

additive such as Wolfson et al. (2009) studied triacetin used as a green solvent and as 

the acyl donor in the transesterification of isoamyl alcohol to produce isoamyl acetate 

using free and immobilized Candida antarctica lipase B. The result showed that the 

use of triacetin as the solvent also enabled the separation of the product by simple 

extraction with petroleum ether and recycling the catalyst.  

Casas et al. (2010) investigated the impact of triacetin on the quality of 

biodiesel. They were testing the effectiveness of the quality of biodiesel standards 

when triacetin is present at different concentrations in the biodiesel. In their 

experiment, the measure properties for mixtures of triacetin and biodiesel composed 

of various amounts of triacetin of up to 20 wt % and different biodiesels. The results 

indicated that the content of triacetin does not have to be limited according to the 

ASTMD6751 guidelines. 

 The synthesis of triacetin from glycerol and acetic acid using reactive 

chromatography on acidic polymeric resins was investigated by Gelosa et al. (2003). 

They studied the characterization of the adsorption equilibrium of the involved 

multicomponent mixtures and then to the studied of the kinetics of the associated with 

the reactions using a batch reactor. In addition, the separation-reaction process is 

investigated using a fixed-bed chromatographic column. The results shown that, the 

chromatographic reactor can produce high purity triacetin with high conversions. In 

their research, found that the presence of water in the resin at the end of the 

regeneration step has become extremely dangerous effect on the final triacetin purity. 

 Bonet et al., (2009) investigated the possibility of the change in an efficient 

integrated continuous process which is suitable for processing high quantities of 
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glycerol. In their experiment, a kinetic model was determined for the production of 

triacetin from glycerol and acetic acid in the absence of catalyst. 

 

2.3 Application of reactive distillation  

 

Reactive distillation is an excellent example of process intensification. It can 

provide an economically and environmentally attractive alternative to conventional 

multiunit flowsheets in some systems. There are various reactions that satisfy this 

criterion, but this technology is applied only for etherification, esterification, and 

alkylation (synthesis of ethylbenzene or cumene) on an industrial scale (Tuchlenski et 

al., 2001). There are many research reported for steady-state and dynamic simulations 

of reactive distillation. For example, Chien et al., (2004) studied design and control of 

a realistic coupled reactor/column process to produce ethyl acetate. The optimum 

process design is the one that minimize the Total Annual Cost (TAC) of process. In 

their studied, the process included a continuous-stirred tank reactor (CSTR) coupled 

with a rectifier, a decanter, another stripper, and a recycle stream. 

Design and control of butyl acrylate reactive distillation column system was 

presented by Zeng et al. (2006). They proposed simple design of the overall system 

with only one reactive distillation column and an overhead decanter. The optimal 

design flowsheet is determined by minimizing TAC. Furthermore, studied output 

multiplicity of this system is responsible for the reboiler duty or feed ratio as a 

parameter. The result found that butyl acrylate has high purity at 99.83 mol% can be 

obtained from the bottom of the reactive distillation column.  

Furthermore, the other research about reactive distillation i.e. n-hexyl acetate 

(Schmitt et al., 2003), methyl acetate (Huss et al., 2003), ethyl and isopropyl acetates 

(Lai et al., 2006). 

To improve the energy efficiency of separation processes, several heat 

integrated techniques have been proposed i.e. Wang et al., (2008) investigated the 

design and control strategies of a reactive distillation process with partially thermal 

coupling for the production of methanol and n-butyl acetate by transesterification 

reaction of methyl acetate and n-butanol. In their research, partially thermal coupling 

can be used to eliminate the condenser of the second column. The result showed that, 
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not only energy reduction but also better operability and controllability can be 

obtained for the thermally coupled reactive distillation process. 

 Mascia et al., (2006) presented the synthesis of partially thermally coupled and 

heat-integrated distillation systems applied to the light ends separation section of a 

crude distillation plant. The result showed that, a thermally coupled configuration 

showed the best performances for the considered separation. 

Design of reactive distillation with thermal coupling for the synthesis of 

biodiesel using genetic algorithms was studied by Miranda-Galindo et al., (2009). The 

esterification of lauric acid and methanol is explored using a thermally coupled 

distillation sequence with a side rectifier and the Petlyuk distillation column. In their 

studied, the design tools using multi objective genetic algorithm with restrictions. 

They found that the thermally coupled distillation sequence involving a side 

rectifier can produce biodiesel with a high purity (around 0.999) and also pure water, 

and the excess of methanol is recovered in a side rectifier. The results indicated that 

the energy consumption of the complex distillation sequence with a side rectifier can 

be reduced significantly by varying operational conditions. 

 Design of a reactive distillation column for direct preparation of 

dichloropropanol from glycerol was presented by Luo et al. (2009). In their 

experiment, a pilot plant scale column designed by using a simple equilibrium 

mathematical model of reactive distillation. Furthermore, the whole preparation 

process of dichloropropanol from glycerol used the optimum reactive distillation 

column as the central unit is simulated by using an advanced software tool, namely 

ASPEN PLUS. The result both by simulation and pilot plant scale showed that, it is 

feasible to produce dichloropropanol via a new process using a reactive distillation 

column as the central unit. 

Bonet et al., (2009) simulate the feasibility of triacetin synthesis by reactive 

distillation using Aspen Plus. The results showed that a high purity of triacetin is 

obtained in the reactive distillation column bottom due to the continuous removal of 

water generated by the reaction which is collected finally in the distillate. 
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2.4 Heat integrated - thermally coupled distillation systems 

 

Due to the fact that distillation is a highly energy intensive process, energy 

consumption is important in the design and operation in this unit. Most of the 

application of previous research in sidestream has considered a system containing 

three components with the reduction order of volatilities. Then, sidestream of the 

column is often used in case of very small amounts of either the lightest component or 

the heaviest components see also Glinos and Malone (1985) and Luyben et al., 

(1999). To improve the purity of the sidestream of the three ways design were 

introduced namely sidestream with small stripper (SS), small rectifier (SR) and 

prefractionator (PF) respectively. In the SS, liquid sidestream is fed at the top of 

stripping column. This stripping column has a small reboiler to strip out the lightest 

component. While, in the SR the vapour sidestream is fed in the base of rectifying 

column to remove some of the heaviest component in the vapour stream. The last one, 

prefractionator column, consists of prefractionator to perform a rough separation and 

followed by the final separation into three products stream in a two-feed sidestream 

column. (Suhendra, 2006) 

Other interesting configurations for energy conservation purposes are namely 

Petlyuk column or divided wall column and heat integrated distillation column. The 

implementation of a vapor-liquid interconnection between two columns, a condenser 

or a reboiler of the columns is eliminated, and the search for the appropriate operating 

conditions is implemented, such an interconnection can provide energy savings 

(Hernandez and Jimenez, 1999). TCDS for ternary mixtures have particularly been 

analyzed with special interest. Two of the schemes that have received special 

attention are systems with the side of columns (Finn,1993; Hernandez and Jimenez, 

1999): the thermally coupled system with a side rectifier, TCDS-SR, and the coupled 

system with a side stripper, TCDS-SS.  

For example, Kim (2002) designed procedure for fully thermally coupled 

distillation columns (FTCDC). He applied to the example system of butanol isomers 

in order to show the design performance. The procedure providing structural 

information of the column, and therefore iterative computation encountered in the 

design using conventional procedure and commercial packages can be eliminated. He 
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investigated by using the outcome of the structural design, other topics, such as 

thermodynamic efficiency, dividing wall column structure and the arrangement of 

interlinking streams. From the result of the design for the example system and the 

comparison of calculated liquid composition with a commercial design tool, it is 

proved that the proposed procedure is useful.  

Thermally coupled distillation systems (TCDS) have been proposed by 

Ramirez and Jimenez (2004) to perform distillation separation tasks with the incentive 

of achieving lower energy consumption levels with respect to conventional 

distillation. It has been shown that the new systems can operate the separations tasks 

with energy efficiency similar to or better than that of thermally coupled systems. The 

simple structure of the new systems was conceived as an option to the integrated 

schemes.  

Barroso-Munoz et al., (2007) presented a study of the production of ethyl 

acetate from ethanol and acetic acid through three reactive thermally coupled systems: 

a thermally coupled distillation sequence with a side stripper, a thermally coupled 

distillation sequence with a side rectifier and a Petlyuk-type column. The results 

showed that thermally coupled distillation systems present important advantages over 

the conventional process used to produce ethyl acetate. Especially in the Petlyuk 

column turned out to be the most convenient because of demand the lower energy to 

achieve a production of ethyl acetate similar to those obtained in the thermally 

coupled distillation sequences with side columns.  

Malinen and Tanskanen (2007) studied the thermally coupled side-rectifier 

and side-stripper configurations to separate the component of sets with a curved 

distillation boundary. They recommend steps that can be used to determine the total 

minimum energy consumption for the separation complex structures. The results 

found that thermally coupled side-column configurations enable distillation boundary 

crossing with high product flow purities. According to the simulation results, 

thermally coupled side column configurations enable a distillation boundary crossing 

in a way more flexible than traditional direct and indirect column sequences. This 

conclusion is based on the observation that in the situations where the distillation 

curve boundary is present, while the thermally coupled side-column configurations 
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enable surprisingly higher purities of product to be successful, that is the feasible 

product composition area is wider than with conventional columns. 

Lee et al., (2008) modified fully thermally coupled distillation column for 

operability development is utilized in a gas concentration process for the saving of 

energy consumption. It can be seen that the designs of thermally coupled have 

important savings in energy and capital costs when compared with conventional 

column designs. 

Furthermore, has been studied reactive distillation with thermal coupling such 

as Miranda-Galindo et al., (2011) have studied the design of reactive distillation with 

thermal coupling using a case study of the production of fatty esters. The 

esterification of methanol and lauric acid by using sulfuric acid, as catalyst in direct 

and indirect reactive sequences, both conventional and thermally coupled. The results 

show that obtaining the ester with a purity of 99.9% is feasible in conventional and 

thermally coupled distillation sequences. The results showed that the energy 

consumption of the complex distillation sequence can be reduced significantly at 

different operating conditions. However, lower energy consumptions, and lower CO2 

emissions, has been observed in the thermally coupled sequences.  

The researcher expected that the Petlyuk sequence could be a better option, in 

terms of energy requirements, for reactions where the major product is always more 

rich than the unreacted component and byproducts. 
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CHAPTER III 

 

THEORY 
 

3.1 Biodiesel industry 

 

The increase in fuel use and other beneficial policies have also given rise to an 

imposing increase in biodiesel production companies. Biodiesel was essentially the 

most beneficial pieces of alternative fuel. It is also biodegradable and nontoxic 

significantly less emissions than petroleum-based diesel fuel. 

Biodiesel can be produced from several of feedstocks. These materials include 

the most commonly used vegetable oils such as rapeseed, soybean, peanut, palm, 

sunflower, jatropha and the production of animal fats such as tallow as well as waste 

cooking oils. Several techniques for the production of biodiesel from vegetable oils 

and animal fats can be converted into biodiesel for example transesterification, 

enzyme lipase, pyrolysis, super critical fluid extraction. The transesterification is the 

reaction between triglyceride and alcohol to form biodiesel and glycerol by using 

catalyst. The reaction is shown in the Figure 3.1 

 

 
 

Figure 3.1 Overall mechanism of transesterification 

 

Methanol is used as the alcohol for producing biodiesel because it is cheaper 

than other alcohols, so the final products are also called fatty acid methyl esters 

(FAME) instead of biodiesel. By-product of this production is glycerol, also known as 
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glycerin. Biodiesel is a liquid which varies in color between golden and dark brown 

depending on the raw material. It is immiscible with water, high boiling point and low 

vapor pressure. Biodiesel has better lubricating properties and much higher cetane 

rating than diesel fuels. Biodiesel in the future will very likely to see a significant as a 

way toward reducing dependence on foreign oil, improving the environment, creating 

manufacturing jobs, and being an outlet for value-added agricultural products. 
 

3.2 Glycerol 

 

3.2.1 Properties and manufacture of glycerol 

  

Glycerol is an organic compound, also known as glycerin or glycerine. It is a 

clear, colorless, odorless, viscous liquid with a sweet taste nature. Glycerol is derived 

from both natural and petrochemical feedstocks. It occurs naturally in combined form 

as glycerides in all animal and vegetable fats and oils, and is recovered as a by-

product when these oils are saponified in the process of manufacturing soap, when the 

oils or fats are split in the production of fatty acids, or when the oils or fats are 

esterified with methanol (or another alcohol) in the production of methyl (alkyl) 

esters. “Glycerol” applies to the pure chemicals compound, 1,2,3-propanetriol. 

“Glycerin” applies to the purified commercial products usually containing >95% of 

glycerol. Various grades of glycerin are available commercially. They change 

somewhat in their content of glycerol and other characteristics such as color, odor, 

and remain impurities. Physical properties of glycerol are listed in Table 3.1. Glycerol 

is completely soluble in water and alcohol, slightly soluble in diethyl ether, ethyl 

acetate, and dioxane, and insoluble in hydrocarbons (Physical Properties of Glycerin 

and Its Solutions, 1975). 

Glycerol from glycerides (natural glycerol) is obtained from three sources: 

soap production manufacturing and production of fatty acid and fatty ester. In the 

manufacture of soap, fat is boiled with a caustic soda (sodium hydroxide) solution and 

salt. Fats react with the caustic to form soap and glycerol. In producing fatty acids, the 

most common process is continuous and high-pressure. The fat is split by the water 
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into fatty acids and glycerol. Fatty acids are withdrawn from the top of the column, 

and the glycerol containing the aqueous phase falls and is withdrawn from the bottom.  

Separation of fatty acids is used to make soap, reduced to the matching fatty 

alcohol, or fatty acid is marketed. A third source of natural glycerol is the 

transesterification of oils or fats with an alcohol to produce fatty esters. The glycerol 

is separated from the usually methyl esters, by water washing. Acidification with 

hydrochloric acid and removal of remaining methanol produce a crude glycerol with a 

salt content of a few percent. 

 

3.2.2 Derivatives of glycerol 

 

Glycerol derivatives are obtained as mixtures containing isomers and products 

of different degrees of reaction. The relative amounts of the several products reflect 

their ease of formation. As a result of their receptivity, the synthesis of many different 

derivatives is possible. Glycerol can theoretically yield eleven oxidation products 

containing the original three-carbon chain. All of these compounds have been isolated 

and identified, but in some cases they are prepared by indirect methods rather than by 

direct oxidation of glycerol. Glycerol is easily reduced to propylene glycol (1, 2,-

dihydroxypropane) with hydrogen at pressures from 10 to 100 atmospheres and 

temperatures above 150 °C. Many catalysts may be used, e.g., Ni, Fe, Pt, Au, Hg, 

copper chromite or tungstic acid. (Puis et al., 1941)  

The esters of glycerol are the commonest and most diverse group of glycerol 

derivatives. As the natural glycerides, the fats and oils, they occur throughout the 

animal and vegetable kingdoms. Many glycerides are prepared commercially from 

glycerol and fatty acids. In addition there are also the esters of inorganic acids. 

Among the most widely used commercial esters are alkyd resins, ester gums, 

nitroglycerine and monoglycerides. Esters can be prepared by reacting glycerine with 

an acid, ester, acid chloride and anhydride or by indirect means. There are five 

general reactions for the preparation of glycerol esters: 
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Table 3.1 Physical properties of glycerol 

Property Value 

Melting point (°C) 

Boiling point (°C) 

0.53 kPa 

1.33 kPa 

13.33 kPa 

101.3 kPa 

Specific gravity, 25/25 °C 

Vapor pressure (Pa) 

50 °C 

100 °C 

150 °C 

200 °C 

Surface tension (20 °C,mN/m) 

Viscosity (20 °C, mPa.s) 

Heat of vaporization (J/mol) 

55 °C 

95 °C 

Heat of solution to infinite dilution (kJ/mol)

Heat of formation (kJ/mol) 

Thermal conductivity [W/(m.K)] 

Flash point °C 

Cleveland open cup 

Pensky-Martens closed cup 

Fire point (°C) 

18.17 

 

14.9 

166.1 

222.4 

290 

1.2620 

 

0.33 

526 

573 

6100 

63.4 

1499 

 

88.12 

76.02 

5.778 

667.8 

0.28 

 

177 

199 

204 
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Glycerol can form mono-, di-, and triethers. They may be either ethers of 

glycerol with itself (polyglycerols), inner ether (glycidol), or mixed ethers of glycerol 

with other alcohols. Glycerol ethers are important commercially as solvents and 

plasticizers for cellulose derivatives and lacquers, an ingredient of alkyd resins, as 

chemical intermediates for making detergents and surface active agents and as 

perfume fixatives. Glycerol amines are formed by the replacement of one or more of 

the hydroxyls by amine groups. They are basic compounds, generally water soluble 

and hygroscopic. With fatty acids they form soaps that are soluble in organic solvents. 

The glycerol mono-, and diamines are readily made from the corresponding 

chlorohydrins or bromohydrins, while the triamine is usually prepared from non 

glycerol origins. The acetals of glycerol, formed by the condensation of glycerol with 

aldehydes and ketones are heterocyclic compounds. They are formed by the 

condensation of two hydroxyls of a glycerol molecule with the carbonyl of an 

aldehyde or a ketone. 

 

3.2.3 Industrial application 

 

 Traditional applications of glycerol, either directly as an additive or as a raw 

material, range from its use as a food, tobacco and drugs additive to the synthesis of 

trinitroglycerine, alkyd resins and polyurethanes (Figure 3.2). Currently, the amount 

of glycerol that goes annually into technical applications is around 160,000 tones and 

is expected to grow at an annual rate of 2.8% (Bonnardeaux, 2006). Of the glycerol 

market, pharmaceuticals, toothpaste and cosmetics account for around 28%, tobacco 

15%, foodstuffs 13% and the manufacture of urethanes 11%, the remainder being 

used in the manufacture of lacquers, varnishes, inks, adhesives, synthetic plastics, 

regenerated cellulose, explosives and other miscellaneous industrial uses. Glycerol is 

also increasingly used as a substitute for propylene glycol. 

Glycerol is used in medical and pharmaceutical preparations, mainly as a 

means of improving smoothness, providing lubrication and as a humectant, that is as a 

hygroscopic substance which keeps the preparation moist. Glycerol helps to maintain 

texture and adds humectancy, controls water activity and prolongs shelf life in a host 
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of applications. It is also widely used as a laxative and, based on the same induced 

hyperosmotic effect, in cough syrups (elixirs) and expectorants. 

In personal care products glycerol serves as an emollient, solvent, and 

lubricant in an enormous variety of products, including toothpaste, where its good 

solubility and taste give it the edge on sorbitol. Toothpastes are estimated to make up 

almost one-third of the personal care market for glycerol. 

 Glycerol in the market is currently undergoing radical changes, driven by very 

large supplies of glycerol from biodiesel production. Researchers and industry have 

been looking at the uses of glycerin to replace petroleum as a source of chemical raw 

materials. Glycerol is now becoming established as a key platform for the production 

of chemicals and fuels. 

 

 
 

Figure 3.2 Market for glycerol (Pagliaro and Rossi, 2008) 

 

3.3 Triacetin (glyceryl triacetate) 

 

3.3.1 Properties and manufacture of triacetin 

 

The acetins are the mono-, di-, and triacetates of glycerol that form when 

glycerol is reacted with acetic acid. Monoacetin (glycerol monoacetate [26446-35-5]) 

is a thick hygroscopic liquid, and is sold for use in the manufacture of explosives, in 
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tanning, and as a solvent for dyes. Diacetin (glycerol diacetate [25395-31-7]) is a 

hygroscopic liquid, and is sold in a technical grade for use as a plasticizer and 

softening agent and as a solvent.  

Triacetin (also named Glycerin Triacetate [102-76-1]) is the tri-ester of 

glycerol and acetic acid. It occurs naturally in small quantities in the seed of 

Euonymus europaeus and produced from high grade glycerine on dedicated 

equipment, again based on renewable raw materials. Triacetin can be produced 

quantitatively by refluxing glycerol with acetic anhydride and a small amount of 

sodium acetate (or by heating with glacial acetic acid and a catalyst - though the latter 

is not quantitative it is more economical. The esterification of glycerol with 

chloracetic acid is a series of bimolecular reactions. The formation of the mono-ester 

is slower than that of the di-ester, and the formation of the tri-ester is more rapid than 

either of the preceding steps. Triacetin has a very slight odor and a bitter taste. The 

physical properties of triacetin are listed in Table 3.2. It’s good stability and its 

compatibility with other chemicals, and also in particular the lack of toxicity of the 

high-purity product means that it can be used in a wide range of applications.  
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Table 3.2 Physical properties of triacetin (Eastman Chemical Company., 1999) 

Property Value 

Molecular Weight (Theoretical) 

Empirical Formula 

Physical Form 

Boiling Point @ 760 mm, °C (°F) 

Freezing Point, °C 

Solubility in Water @ 20°C, g/L 

Viscosity (ASTM D 445), cP (mPa·s) 

@ -17.8°C (0°F)  

0°C (32°F)  

25°C (77°F)  

100°C (212°F)  

Flash Point (Cleveland Open Cup), °C (°F)

Fire Point (Cleveland Open Cup), °C (°F) 

Autoignition Temperature, °C (°F) 

218.2 

C9H14O6 

Liquid 

258 (496) 

3.2 (Supercools to about -70°C) 

61.2 

 

1,111 

107 

17.4 

1.8 

153 (308) 

160 (320) 

432 (810) 

 

3.3.2 Kinetics model 

 

The rate expressions of each reaction step are shown as follows: 

Glycerol + acetic acid   monoacetin + H2O 

r1 = k1cglycerinecacetic acid - k−1cmonoacetincH2O    (1) 

Monoacetine + acetic acid   diacetin + H2O 

r2 = k2cmonoacetinecacetic acid - k−2cdiacetincH2O    (2) 

Diacetin + aceticacid     triacetin + H2O 

r3 = k3cdiacetincacetic acid - k−3ctriacetincH2O     (3) 

 

Figure 3.3 Reactions for the preparation of triacetin 

 

Kinetic rate constants of the reactions are necessary information for process 

simulation. This work focuses on the production of triacetin from esterification 
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reaction of glycerol and acetic acid. The kinetic parameters can be explained by the 

Arrhenius law. 

An Arrhenius-type model is used: 

 

RTeak aiE
ii /−=  

 

The reaction rate is negligible at room temperature. However, at boiling point, 

the reaction rate is fast enough and the presence of catalyst is not required. The kinetic 

determinations are performed in the absence of catalyst, at 393 and 433 K, with an 

excess of acetic acid four times the required quantity imposed by stoichiometry. Table 

3.3 shows the kinetic constants of the esterification reaction of triacetin production 

(Bonet et al., 2009). 

 

Table 3.3 Values of kinetic constants for esterification of triacetin production 

Reaction Aj (L/mol.s) Eaj (cal/kmol) A−j (L/mol.s) Ea−j (cal/kmol) 

1 
2 
3 

5.24×10-4 
9.69×10-5 

6.26×10-2 

616.8 
-1462.3 
4964.1 

8.56×10-4 
2.16×102 

1.86 

-3864.4 
8701.1 
5137.5 

 

3.3.3 Industrial application 

 

Most commercial triacetin is USP grade. Its primary use is as a cellulose 

plasticizer in the manufacture of cigarette filters; its second largest use is as a 

component in binders for solid rocket fuels. Smaller amounts are used as a fixative in 

perfumes, as a plasticizer for cellulose nitrate, in the manufacture of cosmetics, and as 

a carrier in fungicidal compositions. Triacetin is also used in food industry as 

solvents, flavorings and humectant. It is also used to fuel additive as an anti-knocking 

agent which can reduce engine knocking in gasoline, and to improve cold and 

viscosity properties of biodiesel. 
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3.4 Reactive distillaiton 

 

Reactive distillation is a good example of process intensification. It can 

provide an attractive alternative to the economic and environment to conventional 

multiunit flowsheets in some systems. One significant advantage of reactive 

distillation is the feature of simultaneous production and disposal of products. For 

reversible chemical reactions, the removal of the product components drives the 

reaction toward the product side. Thus, the chemical equilibrium constraint on 

conversion can be overcome and high conversions can be achieved, even in cases with 

small chemical equilibrium constants. Of course, the relative volatilities between the 

reactants and the products must be such that the products can be moderately easily 

removed from the region in the column where the reaction is occurring and reactants 

are not lost from this region.  

The major limitation of reactive distillation is the need for a equivalent 

between the temperature favorable for reaction and the temperature favorable for 

separation. Because both operations occur in a single vessel operating at a single 

pressure, the temperatures in a reactive distillation column are set by vapor–liquid 

equilibrium and tray compositions. If these temperatures are low and produce low 

specific rates of reaction for the reaction kinetics associated with very large holdups 

(or large amounts of catalyst) will be required. If these temperatures are high, and 

consistent with the chemical equilibrium constant is very small (as can happen with 

an exothermic reversible reactions), it may be difficult to achieve the desired 

conversion. High temperatures may also promote undesirable side reactions. In either 

the case of low- or high-temperature, reactive distillation may not be economical. As 

a result, the design of reactive distillation columns is much more sensitive to pressure 

than a conventional distillation column. 

 

3.4.1 Reactive distillation configurations 

 

A conventional configuration for a process involving a catalytic chemical 

reaction with a solid catalyst involves two steps of chemical reaction and subsequent 

separation. In the chemical reaction step, reactants are brought into contact with solid 
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catalysts at appropriate process conditions in one or more reactors. The stream leaving 

the reactor section then goes to one or more separation steps where unconverted 

reactants are separated from the products of the reaction and the inerts. The 

unconverted reactants, in some cases, may be recycled to the reaction section. When a 

substantial amount of inerts are present in the system, at least two separation units for 

separation of high purity product and for separation of the unconverted reactants from 

the inerts are required. The separation process typically chosen is distillation. An Ideal 

reactive distillation column is shown in Figure 3.4. The middle section of the column 

is the reactive distillation section. For a non-azeotopic chemical system, separation of 

the inerts takes place in the rectification section of the column and the purification of 

the product takes place in the stripping section. 

 

 
 

Figure 3.4 Reactive distillation column. 

 

In the presence of a solid catalyst bed, the reactive distillation can be carried 

out in several different configurations. In one configuration, the solid-catalyzed 

chemical reaction and the multistage distillation occur simultaneously. Both reaction 

and distillation take place in every thin horizontal slice of the reactive distillation 

section of the column. In the other configuration, the reaction and distillation proceed 

in alternating steps. Here, the reactive distillation section of a column contains both 
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the catalyst contact device and the distillation device. A reaction occurs in the catalyst 

contact device and then the reacting phase passes to the distillation device for 

vapor/liquid contact and separation. These two steps occur alternately. By making the 

steps of infinitely small size, this configuration becomes equivalent to the first one. In 

both configurations, a rectification section may be located above the reactive 

distillation section of the column and a stripping section may be located below it, 

depending upon purity specifications. In some systems a combination, as shown in 

Figure 3.5, of the conventional process and reactive distillation may be optimal. Since 

part of the conversion is shifted to the reactive distillation column, the size of the 

fixed-bed reactor becomes smaller than in the conventional process, or the number of 

reactors may be decreased. The reactor effluent is the reactive distillation column feed 

and the remaining conversion takes place in the reactive distillation zone. 

 

3.4.2 Advantages and disadvantages of reactive distillation 

 

Application of RD to a catalytic chemical reaction using solid catalysts leads 

to a substantial cost savings compared to a conventional process. These savings result 

from: 

1. A significant benefit of RD technology is a reduction in capital investment, 

because two-steps process can be performed on the same device. Such and integration 

leads to lower costs of pumps, piping and instrumentation. 

2. If RD is applied to exothermic reaction, the reaction heat can be used for 

vaporization of liquid. This leads to savings of energy costs by the reduction of 

rebolier duties. Endothermic reactions are not suitable for the RD-technology because 

of vapor condensation. Although the endothermic reactions to the reboiler duty and 

therefore show no large energy savings, there are no limitations to the application of 

RD. 

3. The highest temperature in the reaction zone is limited to the boiling point 

of a mixed reaction to the danger formation of hot spot on the catalyst can be reduced 

significantly. A simple and reliable temperature control can be achieved. 
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4. Product selectivities can be improved due to a fast removal of reactants or 

products from the reaction zone. By this, the probability of consecutive reactions, 

which may occur in the sequential operation mode, is lowered. 

5. If the reaction zone in the RD column is placed above the feed position, 

poisoning of the catalyst can be avoided. This leads to longer lifetime of catalyst 

compared to the general systems. 

However applying RD-technology in industrial scale, three constraints has to 

be fulfilled: 

1. The use of RD technology is only possible, if the temperature window of 

the vapor-liquid equilibrium is equivalent to the reaction temperature. By changing 

the column operation pressure, this temperature window can be altered. However, the 

thermal stability of the catalyst can limit the upper operation temperature of the 

distillation column. 

2. Because of the necessity of wet catalyst pellets the chemical reaction has to 

take place entirely in the liquid phase. 

3. As it is very expensive to change the catalyst in a structured catalytic 

packing catalysts with a long lifetime are strongly required. 

 

3.5 Heat integration of distillation columns 

 

The principal heating and cooling duties related to the distillation column are 

the reboiler and condenser duties. In general, however, there will be other duties 

related with heating and cooling of feed and product streams. These reasonable heat 

duties usually will be small in comparison with the latent heat changes in reboilers 

and condensers. Reboiling and condensing processes, both occurring in the normally 

take place over a range of temperature. Considerations in practice, however, generally 

order that the heat is required to the reboiler at a temperature above the dew point of 

the vapor from the reboiler and that the heat released in the condenser must be 

removed at a temperature lower than the bubble point of the liquid. Thus, in the initial 

design at least, both reboiling and condensing can be assumed to take place at 

constant temperatures. (Robin Smith, 2005) 
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3.5.1 Distillation sequences 
 

In the case of ternary mixtures, there are two conventional distillation 

sequences, which are shown in Fig. 3.5. For the separation of the three TCDS 

schemes commonly used (see Fig. 3.6). The energy savings predicted in the TCDS 

schemes are achieved due to the reduction or elimination of remixing presented in 

conventional distillation sequences. Remixing occurs in traditional distillation 

sequences and it is associated with higher energy demands; such as, for the 

conventional direct distillation sequence (Fig. 3.5a), the sequence represented in 

figure 3.5a is used when the feed has a high concentration of the lightest components 

or when the separation of the middle distillate and the heavy product is a little more 

difficult than that of the light and middle distillate. The light component can be 

removed as a distillate and the rest of the product being sent to a second column to be 

carried out the following separation. The columns are separated by a single liquid 

stream so that they may be operated at different pressures in order to achieve the 

optimum separation. For figure 3.5b this arrangement is most often used when the 

feed has a high concentration of the heavy product or when the separation of the light 

from the middle distillate is relatively more difficult. The heavy product is separated 

out then the distillate is fed to a second column for more separation. For the vapor 

from a partial condenser the pressure in the second column needs to be lower than that 

of the first column for natural flow of the vapor, at the compressor would be required 

between the columns. If a total condenser has been used then the pressures in each 

column can be maintained and enhanced independently. 

Such a result is known as remixing and causes the needs of energy is large, 

because, in order to re-purify the binary mixture BC in the second column, more 

energy is required in the conventional distillation sequence. This remixing can be 

analyzed as a thermodynamic inefficiency in the use of energy. In the TCDS 

sequences, the stream recycling can help reduce the remixing and the energy 

consumption required for ternary separations, as reported in the work of Hernandez et 

al., (2003). 
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Figure 3.5 Conventional distillation sequences for the separation of ternary mixtures. 

(Hernandez et al., 2003) 

 

3.5.2 Heat integrated – thermally coupled distillation sequences 

 

It is known that distillation will be used for the separation of approximately 

95% of the liquids separations in the chemical industry, and about 3% of the total 

energy use in the world is used in distillation process (Engelien et al., 2003). 

Motivated by the enormous demand of energy in distillation processes, researchers 

have developed new arrangements that can savings in both energy and capital costs 

(Kaibel et al., 2002). One technique used to reduce the energy consumption in 

distillation column is the thermally coupled distillation sequences (TCDS), which can 

save energy up to 30 - 50% in contrast to the direct and indirect distillation column for 

the separation of ternary mixtures. 

From the three TCDS shown in Fig. 3.6, the mainly energy efficient design is 

the Petlyuk column, which can achieve energy savings of up to 50% in contrast to the 

conventional distillation column (Hernandez and Jimenez, 1999). The main problem 

encountered in the Petlyuk column is concerned with the two directions of flow in the 

vapor streams.  
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According to Fig. 3.6a a rectifier is thermally connected to the main column. 

This coupled column uses one reboiler to generate the vapor for both the columns but 

two condensers for liquid rectification. The total system has to operate at the same 

pressure. However the pressure in the main column is slightly higher than that in the 

rectifier to accommodate for the natural flow of vapor. The system is similar to the 

side rectifier likely the side stripper. The difference being that in this arrangement 

there are two reboilers and only one condenser. In this case, the stripping operated at a 

slightly higher pressure for natural vapor flow to occur. According to Fig. 3.6c, the 

vapor stream AB that removes on the top of the prefractionator must have higher 

pressure than the main column in order to put into it. Also, the pressure in the 

recycled vapor stream from the main column to the bottoms of the prefractionator 

should be higher than that of the bottoms of the prefractionator. This cannot occur in a 

natural form. It requires the use of a compressor to adjust the pressure of one stream. 

Documents related to single distillation columns; for the reason that the main 

support of this research is to present the analysis of thermodynamic efficiencies of the 

alternative configuration to the Petlyuk column shown in Fig. 3.6c. The Petlyuk 

distillation column is helpful because can be managed in a single shell reduce both 

energy and capital costs. Saving energy and capital cost about 30% are obtained with 

this column. 

Scope for the integration of conventional distillation columns into an overall 

process is often restricted. Practical limited often prevent integration of columns with 

the rest of the process. If the column that cannot integrate with the rest of the process 

or if the potential for integration is limited by the flows of heat in the background 

process and then attention must be turned back to the distillation operation itself and 

complex arrangements considered.  
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Figure 3.6 TCDS for the separation of ternary mixtures. (Hernandez et al., 2003). 

 

3.6 Aspen plus 

 

Aspen Plus is a component of the Aspen Engineering Suite. It is an integrated 

set of products designed specifically to promote best engineering practices and to 

optimize and automate the entire innovation and engineering workflow process 

throughout the plat and across the enterprise. Automatically integrate process models 

with engineering knowledge databases, investment analyses, production optimization 

and numerous other business processes. Aspen Plus contains data, properties, unit 

operation models, built-in defaults, reports and other features. It capabilities 
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developed for specific industrial applications, such as petroleum simulation. Aspen 

Plus is easy to use, powerful, flexible, process engineering tool for the design and 

steady-state simulation and optimization of process plants. Aspen Plus process 

simulation can predict the behavior of a process using basic engineering relationships 

such as mass and energy balances, phase and chemical equilibrium, and reaction 

kinetic. Given reliable thermodynamic data, realistic operating conditions and the 

rigorous Aspen Plus equipment models, actual plant behavior can be simulated. 

Aspen Plus can help design better plants and increase profitability in existing plants. 

 

3.6.1 Benefits of aspen plus 

 

1. Proven track record of providing substantial economic benefits throughout 

the manufacturing life cycle of a process, from R&D through engineering and into 

production. 

2. Allows users to leverage and combine the power of sequential modular and 

equation-oriented techniques in a single product, potentially reducing computation 

times by an order of magnitude while at the same increasing the functionality and 

suability of the process model. 

3. Compete effectively in an exacting environment, to remain competitive in 

today’s process industries it is necessary to do more, often with smaller staffs and 

more complex process. 
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CHAPTER IV 

 

REACTIVE DISTILLATION FOR  

TRIACETIN PRODUCTION  
 

4.1 Simulation of reactive distillation for triacetin production 

 

In this section, the synthesis of triacetin from esterification of pure acetic acid 

(100  wt%) with glycerol in a reactive distillation is investigated. The effect of 

operating parameter on the performance of the reactive distillation for triacetin 

production is presented. To analyze the triacetin production process, simulations of a 

reactive distillation was performed based on the RADFRAC module of Aspen Plus 

(Figure 4-1). A total condenser and a partial reboiler are used. The UNIFAC method 

was employ to predict thermodynamic properties of substances in the system. The 

kinetic rate for the production of triacetin in the liquid phase is use from the data of 

Maria-Isabel et al., (2009). The reactive distillation column at standard condition 

consists of 20 stages, including a total condenser and a partial reboiler; the numbering 

of the stages is top downward, column pressure is 1 atm. The acetic acid and glycerol 

are fed on stages 3 and 2, respectively. All the stages are reactive stages. 

All system performances were considered in terms of conversion of glycerol 

(X glycerol), and yield of triacetin (Y triacetin) defined as follows; 

 

100
glycerol of rate flow feedMolar 

glycerol ofoutlet  andinlet  of rate flowmolar in  Difference )(Xglycerol ×=         (4.1) 

 

100
glycerol of rate flow feedMolar 

 triacetinofoutlet  of rate flowMolar  )(Ytriacetin ×=            (4.2) 
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Fig.4-1 Single reactive distillation system for triacetin production 
 

Due to the limitations and constraints in the experimental, some of the key 

design parameters such as reactive stages, mole ratio of the reactants, reflux ratio, 

feed stage location feed temperature and distillate rate may be studied a long time in 

the experiment. Therefore, the effect of parameter on the conversion of glycerol needs 

to be evaluated by simulation. The simulations were based on base case of reactive 

distillation. 

 

4.1.1 Standard condition 

Feed conditions under standard condition are glycerol of 5 kmol/h, acetic acid 

of 25 kmol/h pressure of 1 atm, reflux ratio of 1.5, distillate rate 25 kmol/h and feed 

location of the glycerol is 2 and acetic acid is 3, respectively. Because of in order to 

increase conversion, a molar excess of acetic acid in the region of five times over 

glycerol is used. Fig.4-2 to 4-3 show the temperature profile and composition profile 

of the standard condition. It can be seen that at the top of the column has a number of 

acetic acid and water are 46% and 54%, respectively. At the standard conditions 

conversion of glycerol is 99% and the yield of triacetin is 81.4%. It can be seen that 

the composition of the resulting mixture at the top of the column consists mainly of 

water and acetic acid while the bottom products comprise mostly the triacetin. 
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Fig.4-2 Temperature profile at the standard condition 

 

 
Fig.4-3 Composition profile at standard condition 
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4.1.2 Effect of reactive stages 

 

Figure 4-4 and 4-5 show the effect of varying the number of reactive stages in 

the 20 stages. All other variables, including the reflux ratio, distillate rate and feed 

conditions were fixed.  The molar fraction of triacetin increases with an increase in 

the number of reactive stages from 1 to 20. It is found that the use of the reactive 

distillation with 17 stages is sufficient to achieved the glycerol conversion of 99.9%. 

The increase in the number of stages of reaction makes the more separation. In 

addition, glycerol and acetic acid have more area in contact with each other. 

Therefore the conversion of glycerol is increased as shown in Figure 4-4 will be seen 

that the number of stages more than five the conversion of glycerol almost constant. 

The optimum number of stage give high conversion of glycerol and high yield and 

purity of triacetin are 17 stages. It is found that 17 stages give a better reactive 

distillation performance. 
 

 
Fig. 4-4 Effect of reaction stage on conversion when molar ratio of 5:1, reflux ratio of 

1.5, distillate rate of 25 kmol/h in the reactive distillation 
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Fig. 4-5 Effect of reaction stage on yield when molar ratio of 5:1, reflux ratio of 1.5, 

distillate rate of 25 kmol/h in the reactive distillation 

 

4.1.3 Effect molar ratio of acetic acid and glycerol 

 

The mole ratio of the reactants is an important role in determining the 

conversion and the composition fractions of the top and bottom. The mole ratio of 

acetic acid to glycerol was studied at 1:1 to 1:10. It can be seen from Fig 4-6 and 4-7 

that the conversion of glycerol and the yield of triacetin increase with increasing feed 

molar ratio. The conversion and yield 99.9% of glycerol was achieved at greater than 

or equal to 1:6 mole ratio of acetic acid to glycerol. Furthermore the yield of triacetin 

increased to 99.9% when the mole ratio of acetic acid to glycerol is 1:6. It is obvious 

that 1:6 mole ratio is optimum and all further simulation were carried out at this mole 

ratio.  
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Fig.4-6 Effect of molar ratio of acetic acid and glycerol on the conversion of glycerol 

in the reactive distillation 

 

 
Fig.4-7 Effect of molar ratio of acetic acid and glycerol on the yield of triacetin in the 

reactive distillation 
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4.1.4 Effect of reflux ratio  

The reflux ratio is important variables that affect the efficiency of reaction and 

separation in the reactive distillation column. The reflux ratio is significant impact on 

reaction in the reactive zone and the residence time. The excess of reflux ratio lead to 

problems in operating conditions and residence time insufficient. The conditions of 

reactive distillation were fixed as standard case. There is only the reflux ratio has 

changed from 0.1 to 10 as shown in Figure 4-8 amd 4-9. The figures show the results 

impact of reflux ratio on conversion glycerol and yield of triacetin. From figure 4-8 

shows the conversion of glycerol on the rate of reflux ratio increased from 0.1 to 10 

which the conversion of glycerol has been changed slightly after the reflux ratio more 

than two. Notice that the reflux ratio of more than two the yield of triacetin will be 

greater than 99.9%. This indicates that the increase of reflux ratio result in more 

separate and the reactant that not react will return to the reaction zone thus increasing 

the conversion. In addition, when the reflux ratio was increased, the vapor rate 

increases within the distillation column, which will increase costs in the condenser as 

shown in figure 4-10 shows the effect of reflux ratio on the condenser duty when 

increase the reflux ratio will increase condenser duty. Considering the effect of such 

parameters (conversion glycerol, yield triacetin, condenser duty) the reflux ratio 

should be conducted at 2. 

 
Fig.4-8 Effect of reflux ratio on conversion of glycerol when molar ratio of 5:1, 

distillate rate of 25 kmol/h in the reactive distillation 
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Fig.4-9 Effect of reflux ratio on yield of triacetin when molar ratio of 5:1, distillate 

rate of 25 kmol/h in the reactive distillation 

 

 
Fig.4-10 Effect of reflux ratio on condenser duty when molar ratio of 5:1, distillate 

rate of 25 kmol/h in the reactive distillation 
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4.1.5 Effect of feed stage location 

The feed location of acetic acid and glycerol is a very important parameter in 

the operation of the reactive distillation column. The effect of feed stage location of 

acetic acid and glycerol on the conversion of glycerol and yield of triacetin in the 

reactive distillation are shown in Figure 4-11 and 4-12. The feed locations of acetic 

acid and glycerol at stage 3 and 2, respectively, provide the highest conversion of 

glycerol and bottom product purity. This indicates that the most effective approach is 

to feed both the reactants near the top of the column.  

 

 
Fig.4-11 Effect of feed stage of acetic acid on conversion when molar ratio of 5:1, 

reflux ratio of 1.5, distillate rate of 25 kmol/h in the reactive distillation 
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Fig.4-12 Effect of feed stage of acetic acid on yield when molar ratio of 5:1, reflux 

ratio of 1.5, distillate rate of 25 kmol/h in the reactive distillation  

 

4.1.6 Effect of feed temperature 

The effect of feed temperature on the performance of the reactive distillation 

in terms of conversion glycerol and yield of triacetin are studied. Figures 4-13   show 

that the conversion of glycerol changed very little when the feed temperature of acetic 

acid changed between 25 °C to 300 °C but when the feed temperature of glycerol 

changed it was found that the conversion of glycerol changed very little until it 

decreased rapidly at temperature over 285 °C. However, from figure 4-14 can be seen 

that when feed temperatures of glycerol and acetic acid increase from 25oC to 300oC, 

the yield of triacetin is slightly decreased and dropped suddenly when the temperature 

of feed glycerol and acetic acid greater than 285 °C and 115 °C, respectively. This 

caused by a decrease in the amount of glycerol and acetic acid in the reaction section 

of the column. Basically, the temperature in the reactive distillation column affects 

both the phase equilibrium and chemical kinetics which at low temperature will result 

in lower rates of reaction. That requires plenty of liquid holdups in order to have the 

desired conversion. In contrast, the high temperature will decrease the equilibrium 

constant cause that will occurred product difficult. Furthermore, at high temperature 

may promote side reactions that do not need. 
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Fig.4-13 Effect of feed temperature of glycerol and acetic acid on the conversion in 

the reactive distillation  

 

 
Fig.4-14 Effect of feed temperature of glycerol and acetic acid on the yield in the 

reactive distillation 
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4.1.7 Effect of distillate rate 

From figure 4.15 shows the analysis of distillate flow rate to determine the 

bottoms product purities. It can be seen that when distillate flow rate is 30 kmol/h, the 

molar fraction of triacetin is increasing, but the molar fraction of monoacetin and 

diacetin at the bottom will have less and decreasing. Figure 4.16 to 4.17 are shown the 

effect of distillate rate on the conversion of glycerol and yield of triacetin. The 

operating parameters were the same as the standard condition. It was found that there 

was an optimum overall feed molar flow rate of offering the highest conversion and 

yield. From the base case value, increasing feed flow rate increased the yield. 

However, the conversion will increase the distillate rate more than 26 kmol/h the 

conversion will be reduced. The increase in flow rate resulted in the decrease in the 

residence time and column temperature, thus reducing the conversion. Although the 

higher yield should be expected from the lower column temperature, the opposite 

trend was observed. However, at the optimum feed flow rate, decreasing feed flow 

rate decreased the conversion and the selectivity. It was because of the reactants could 

be easily vaporized and present in the distillate as unconverted reactants. 

Fig.4-15 Distillate flow rate analysis to determine the bottoms product purities.  
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Fig.4-16 Effect of distillate rate on the conversion of glycerol in the reactive 

distillation 

 

 
Fig.4-17 Effect of distillate rate on the yield of triacetin in the reactive distillation 
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2, respectively. Figure. 4-18 to 4-19 show the typical temperature profile and 

composition profile in the reactive distillation with the optimal configuration. It can 

be seen that the composition at the top of column consists of acetic acid and water 

while the bottom products consists mostly triacetin. 

 

 
Fig.4-18 Temperature profile in liquid phase along the reactive distillation column 

(feed temperature of 25 0C, molar ratio of 6:1, reflux ratio of 2 distillate rate 30 

kmol/h, stages = 17 stage and feed location of glycerol and acetic at stage 3 and 2, 

respectively) 
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Fig.4-19 Composition profile in liquid phase along the reactive distillation column 

(feed temperature of 25 0C, molar ratio of 6:1, reflux ratio of 2 distillate rate 30 

kmol/h, stages = 17 stage and feed location of glycerol and acetic at stage 3 and 2, 

respectively) 

 

4.2 Economic evaluation of reactive distillation for triacetin production 

 

This section is to study the steady-state economic of reactive distillation for 

triacetin production. An optimum single reactive distillation for triacetin production 

by using the total annual cost as the method is investigated. TAC includes annualized 

capital cost and operating cost. The annualized capital cost is calculated with the 

payback period of 3 years and using the cost data in Appendix B of Douglas (1988) 

book. The column sizing is calculation diameter of column carried out by using the 

tray sizing in Aspen plus. The distance between trays is kept at 2 ft. 

 

4.2.1 Assumptions and specifications 

The specifications and assumptions are made to reduce the number of design 

optimization variables in the economic steady-state design: 

1. The design objective is to obtain 99% conversion. 

2. The product purity of the bottom stream is 0.99. 
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3. In all cases, the molar ratio of acetic acid and glycerol is 6:1. 

4. The design specification is to obtain 5 kmol/h of triacetin. 

Based on these specifications and simplifying assumptions, there are three 

variables to optimize the design are as follows: 

1. Column pressure P 

2. Number of reactive trays 

3. Reflux ratio 

 

4.2.2 Determination of an optimum reactive distillation system for the triacetin 

production 

 

For triacetin production by using reactive distillation, given production rate 

with product specifications, the design procedure is the following: 

1. Fix the column pressure P at a small value (to be varied). 

2. Specify the number of the reactive trays (to be varied). 

3. The flowrate of the glycerol and acetic acid are fixed at 30 kmol/h and 5 

kmol/h, respectively. 

4. The flowrate of the bottoms are fixed at 5 kmol/h. 

5. Fix the purity of the product in the bottoms and the conversion are 99%. 

6. Vary the reflux ratio until the production specification is met. 

7. The number of reactive trays is varied over a wide range, and steps 2-6 are  

repeated for each value of number of reactive trays, generating its corresponding 

TAC. 

8. Finally, the value of the column pressure is changed over a wide range, and  

steps 2-6 are repeated for each single pressure. The minimum TAC is selected as the 

optimum economical steady-state design. 

. 
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Fig.4-20 Effect the number of reactive stage on total annual cost at different 

pressures. 

 

Figure 4-20 shows that the number of stage affects on total annual cost at 

different pressures. At feed location of acetic acid and glycerol at stage 3 and 2, 

respectively, total annual cost decreases with the increasing number of stage is and 

then increases at higher values. The optimum stages that minimize total annual cost 

are 26 stages when the pressure is 1 bar and the appropriate number of stages with the 

lowest TAC values for the pressure of 2 bar and 3 bar are 27 stages. It can be seen that 

the more pressure will be more TAC values. The reason for that is the reactive 

distillation effluent has a higher concentration of reactant glycerol as the reactive 

stage gets lower. Thus, there is a need for more reboiler heat duty to achieve the 

desired product specification with less reactive stage. More than 27 reactive stages 

result in higher capital cost. In addition, increasing reactive stage gives small quantity 

of glycerol in the distillate stream. This result make high amount of glycerol in the 

reactive stage, thus increasing the yield of triacetin. From this case, the minimum total 

annual cost is observed at number of stage was 26. The results reveal that there is a 

minimum in the total annual cost curve at a certain 26 number of reactive stages for 

different feed location of glycerol and acetic acid because of the tradeoff between 

increasing column cost and decreasing energy cost. The simulation results show that 
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production from glycerol and acetic acid are number of stages = 26 and feed stage of 

acetic acid and glycerol at stage 3 and 2, respectively with the value of total annual 

cost 2.13×105 $/year. 

 

Table 4.1 Sizing and economic of single reactive distillation column for triacetin 

production (1 bar) 

Stage 23 24 25 26 27 28 29

D (ft) 2.54 2.52 2.50 2.48 2.47 2.46 2.45

RR 1.49 1.45 1.42 1.40 1.38 1.36 1.34

Tc (K) 373.43 373.43 373.43 373.43 373.43 373.43 373.43

Tr (K) 531.80 531.80 531.80 531.80 531.80 531.80 531.80

Qc (106 Btu/h) 2.33 2.29 2.26 2.24 2.22 2.20 2.19

Qr (106 Btu/h) 2.21 2.17 2.15 2.12 2.11 2.09 2.07

Ac (ft2) 201.81 201.81 196.32 194.35 192.75 191.15 189.54

Ar (ft2) 491.12 483.31 477.04 472.01 467.90 463.79 459.66

Capital Cost 379085 382701 382732 385349 388326 391199 393963

Operating Cost 87855 86519 85342 84444 83711 82976 82239

TAC ($/year) 214218 214086 212920 212894 213154 213376 213561

 

It was clearly demonstrated in Table 4.2 that the summary the details of sizing 

and economic of single reactive distillation column for triacetin production at pressure 

1 bar. Considering the energy requirement at minimum TAC, the overall reboiler heat 

duties is 2.12×106 Btu/h for the single column reactive distillation and the condenser 

heat duties is 2.24×106 Btu/h. The reflux ratio is 1.4 and the reactive distillation 

column is 2.48 ft diameter. The other columns in Table 4.3 give results for columns 

with other total stages. If the number of stages is reduced to 25, which gives a shorter 

column, reboiler heat input increases. This increases column diameter and heat 

exchanger areas. This results in an increase in both capital and energy costs. If the 

number of stages is increased, the column becomes taller, but its diameter becomes 

smaller because reboiler heat input decreases. This will reduce the cost of heat 

exchanger and energy costs. But the cost of the column increases due to it is longer. 

Thus, the effect of increasing the number of stages is to increase the capital cost of the 

shell and to decrease the capital cost of the heat exchangers and energy costs. 
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CHAPTER V 

 

ENERGY INTEGRATED REACTIVE 

DISTILLATION COLUMNS 
 

Distillation is one of the most widely used separation methods despite its high 

energy demands on the reboilers. This process is considerably more energy up to 70% 

of the overall energy consumption. One alternative used to reduce the demands of 

energy in the refining sequences is the thermally coupled distillation sequences 

(TCDS), which can have more energy savings of up to 30% for the separation of 

multicomponent mixtures in contrast to the conventional direct and indirect 

distillation sequences trains widely used in the chemical industry.  

Thermally coupled distillation systems (TCDS) is a potential energy saving 

and the separation efficiency technique, especially for separation of azeotrope mixture 

that is difficult will be separated by conventional distillation. Through the 

implementation of the interconnection between two columns of vapor-liquid, a 

condenser or a reboiler of one of the columns is removed, and if a suitable search on 

the operating conditions is performed, such an interconnection will be able to save 

energy (Hernandez and Jimenez, 1996).  

In this chapter, the design improvement will consider the use of process 

alternatives or complex column thermally coupled column configurations are 

modified and discussed. The energy utilization of triacetin production from this 

arrangement is compared to the reactive distillation with conventional distillation 

column (indirect sequence) base on the same required spec product. The design and 

operational parameters are used as input values for the rigorous simulations 

performed with the RADFRAC model and optimized for the required purity. 
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5.1 Process of reactive distillation with conventional distillation column (indirect 

sequence). 

 

The indirect configuration is shown in Figure 5-1. In this arrangement has the 

transfer of one of the first distillation column to the second distillation column. The 

first distillation column arrangement, a simple column which has a reboiler and a 

condenser is used to separate two feed into three products. In this arrangement 

represents a reactive distillation and a conventional distillation column in which the 

high-boiling component is taken at the bottom in the first column, the low-boiling 

component leaves as overhead in the second column and the medium-boiling 

component accumulates in the bottom of the second column. 

In this study, the first column has 17 stages, and the feed of acetic acid and 

glycerol are introduced on stage 3 and 2, respectively. The column operates at 1 bar. 

The design specification is to obtain 5 kmol/h of triacetin. The purity of triacetin is 

assumed at 99.9%. The feed conditions and specification of reactive distillation 

column and conventional distillation column in this case are shown in Table 5.1.  

 
 

Fig. 5-1 The indirect reactive distillation column with conventional distillation. 
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Table 5.1 Feed conditions and specification of reactive distillation column and 

conventional distillation column. 

Feed Conditions 
Column specification 

Reactive distillation column Distillation column 

Temperature (K) 

Pressure (bar) 

Flow rate (kmol/h) 

1) acetic acid 

2) glycerol 

Mole fraction 

1) acetic acid 

2) glycerol 

298 

1 

 

40 

5 

 

1 

1 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate (kmol/h) 

Feed location  

1) acetic acid 

2) glycerol 

17 

1 

2 

5 

 

3 

2 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate (kmol/h) 

Feed location  

1) distillate 

stream from 

the first 

column 

17 

1 

1.8 

15 

 

11 

 

 

Fig. 5-2 Temperature profile in the design of the reactive distillation column and 

conventional distillation column. 

 

The graph in Figure 5-2 gives the temperature profile at design conditions. It 

should be noted that stages are numbered from the top of the column. From this graph 
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and conventional distillation column. This temperature profiles can be used to identify 

the optimal location of the sensors of temperature. It should be remembered that these 

are steady-state results and nothing about dynamics. Temperatures on all trays in the 

column are affected more quickly by changing the heat input, so coupling heat input 

with any tray temperature is going to be dynamic. In the reactive distillation column 

there was also a large change occurred on stage 14 near the bottom of the column, 

which is due to the buildup of the heavier than heavy key component triacetin. 

However, the conventional distillation column was slightly increased when the 

number of stage increased. 

The composition profile of the first column in the reactive distillation column 

and the second column in the distillation column are shown in Figure 5-3 and Figure 

5-4, respectively. It can be seen that the first column in the reactive distillation 

column at the bottom of the column has a number of triacetin 99.9 %. Figure 5-4 

gives the composition profiles of the second column in the distillation column. As a 

result, it can be observed that at the top of the column has a number of water about 

83% and acetic acid is obtained as bottoms product about 90%. 

 

 
Fig. 5-3 Composition profiles of the first column in the reactive distillation column. 
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Fig. 5-4 Composition profiles of the second column in the distillation column 

 

 
Fig. 5-5 The effect of feed stage location in the distillate stream to the second column 

on molar fraction of acetic acid and water 

 

Figure 5.5 gives results for varying the feed stage location of distillate stream 

to the conventional distillaiton column. The compositions of acetic acid and water are 

sensitive to feed tray location. The feed stage that high molar fraction of acetic and 
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water is stage 15, which is very near the bottom of the column. This indicated that the 

feed location of distillate stream to the second column is an important parameter in 

the operation of the distillation column.  

 
Fig. 5-6 The effect of bottom flow rate in the second column on molar fraction of 

acetic acid and water. 

 

 
Fig. 5-7 The effect of reflux ratio in the second column on the molar fraction of acetic 

acid and water 
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From Figure 5.6 shows the analysis of bottom flow rate to determine the 

product purities. It can be seen that when bottom flow rate is 25 kmol/h, the molar 

fraction of water in the distillate stream is increasing but the molar fraction of acetic 

acid at the bottom will have decreased when bottom flow rate more than 20 kmol/h. 

In addition, when the reflux ratio in the second column was increased, the 

molar fraction of acetic acid and water increased within the distillation column, as 

shown in Figure 5-7. As a result, it can be seen that when the reflux ratio more than 2 

at the top of the column has a number of water about 83% and acetic acid is obtained 

as bottoms product about 90%. 

 

Table 5.2 Total energy consumption in reactive distillation columns with 

conventional distillation sequences. 

 Condenser Duty (Btu/h) Reboiler Duty (Btu/h) 

Column 1 3.50×106 3.43×106 

Column 2 1.51×106 1.53×106 

Total 5.01×106 4.95×106 

 

Considering the column performance of the conventional indirect sequence, 

the total energy consumptions in both condenser and reboiler of each column are 

shown in Table 5.2. The values will be used as base case values to compare with the 

design arrangements. In Table 5.2, total energy consumption to achieve a high-purity 

triacetin is considered, the distillation column in the case of reactive distillation with 

distillation process are included. From these results, it is found that the total 

condenser duty and reboiler duty of this arrangement equal to 5.01×106 Btu/h and 

4.95×106 Btu/h, respectively. 
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5.2 Improving energy consumption in triacetin production with reactive indirect 

thermally coupled sequence. 

 

In this section, the design of reactive distillation with the heat of thermal 

coupling for the two columns is studied. The stage numbers of a reactive distillation 

column and a conventional distillation column remain unchanged in the studied for 

the processes without thermal coupling to investigate the effect of thermal coupling 

on energy consumption. The same conditions and specification of reactive distillation 

column with the thermally coupled (side stripper) are also used. The reactive 

distillation column with the thermally coupled column configurations (side stripper) is 

shown in Figure 5-8. It has been shown that it is more beneficial to have two 

interconnecting streams between the columns-one liquid and one vapor (Agrawal and 

Fidkowski, 1998). 

From conventional indirect sequence, a condenser of the first column is 

replaced by a thermal coupling but the other conditions, the number of stages and 

column pressure, are kept at the same values as previous simulation. The bottom rate 

in both columns and the reflux ratio in distillation column are adjusted to reach the 

required product purity. The design of the reactive indirect thermally coupled 

sequence was carried out in two steps: in the first step, adjusted values of stages and 

interconnecting stages in the two distillation columns. In the second step of the design 

process, the value of the vapor stream is assumed and a complete search is performed 

in the liquid stream until the local minimum energy consumption is discovered for the 

assumed value of the vapor stream. 

In this study, the first column has 17 stages, and the feed of acetic acid and 

glycerol are introduced on stage 3 and 2, respectively. The column operates at 1 bar. 

The design specification is to obtain 5 kmol/h of triacetin. The purity of triacetin is 

assumed at 99.9%. The feed conditions and specification of reactive distillation 

column and conventional distillation column in this case are shown in Table 5.3. 
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Fig. 5-8 The reactive distillation column with the thermally coupled column 

configurations (side stripper) 
 

It is important to emphasize that this method is repeated in Aspen Plus until a 

suitable in terms of number of stages and energy consumption is found. This method 

can be carried out using mathematical programming. However, the difficulty of the 

system can lead to rigorous numerical control. 
 

Table 5.3 Feed conditions and specification of reactive distillation column with the 

thermally coupled (side stripper) 

Feed Conditions 
Column specification 

Reactive distillation column Distillation column 

Temperature (K) 

Pressure (bar) 

Flow rate (kmol/h) 

1) acetic acid 

2) glycerol 

Mole fraction 

1) acetic acid 

2) glycerol 

298 

1 

 

30 

5 

 

0.5 

0.5 

Total stages 

Pressure (bar) 

 

Bottom rate 

(kmol/h) 

Feed location  

1) acetic acid 

2) glycerol 

17 

1 

 

5 

 

 

3 

2 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate 

(kmol/h) 

Feed location 

1) vapor stream  

2) liquid stream  

17 

1 

3.8 

25 

 

 

13 

12 
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From Figure 5.9 shows the temperature profile at design conditions. It should 

be noted that stages are numbered from the top of the column. From this graph 

presents the temperature profiles of both columns in the reactive distillation column 

and conventional distillation column. In the reactive distillation column there was also 

a large change occurred on stage 10. However, the conventional distillation column 

was slightly increased when the number of stage increased. From this graph has 

similar to the case of the indirect reactive distillation column with conventional 

distillation. 

 

 
Fig. 5-9 Temperature profile in the design of the reactive distillation column with the 

thermally coupled (side stripper) 

 

The composition profile of the first column in the reactive distillation column 

and the second column in the distillation column are shown in Figure 5-10 and Figure 

5-11, respectively. It can be seen that the first column in the reactive distillation 

column at the bottom of the column has a number of triacetin 99.9 %. Figure 5-11 

gives the composition profiles of the second column in the distillation column. As a 

result, it can be observed that at the top of the column has a number of water about 

83% and acetic acid is obtained as bottoms product about 90%. From this graph has 

similar to the case of the indirect reactive distillation column with conventional 
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distillation. From these results, it is found that the molar fraction of each product from 

this simulation remained the same as that for the indirect reactive distillation column 

with conventional distillation case. 

 

 
Fig. 5-10 Composition profiles of the first column in the reactive distillation column. 

 

 
Fig. 5-11 Composition profiles of the second column in the conventional distillation 

column. 
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Consider Figure 5-12. This Figure shows different of product stage location in 

the liquid side stream of the second column on molar fraction of acetic acid, water and 

triacetin. The molar fraction of water and acetic acid is about 83% and 90%, 

respectively when stage of side stream at 11. However, the molar fraction of triacetin 

in the bottom of the reactive distillation is 99.9%, remaining unchanged.  

In addition, the effect of feed stage location of vapor stream to the second 

column on molar fraction of acetic acid, water and triacetin, as shown in Figure 5-13. 

The molar fraction of water and acetic acid is about 83% and 90%, respectively when 

stage of vapor stream at 13, while the molar fraction of triacetin in the bottom of the 

reactive distillation is always higher 99.9%, maintaining unchanged. 

 

 
Fig. 5-12 The effect of product stage location in the liquid side stream of the second 

column on molar fraction of acetic acid, water and triacetin. 
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Fig. 5-13 The effect of feed stage location of vapor stream to the second column on 

molar fraction of acetic acid, water and triacetin. 

 

 The effect of mole flow of the side stream in the second column on the mole 

fraction of acetic acid, water and triacetin, is shown in Figure 5-14. It is found that the 

molar fraction of triacetin increased with an increased mole flow of side stream. In 

addition, the molar fraction of water has been changed slightly after the mole flow of 

side stream more 10 kmol/h. In the other hand, the molar fraction of acetic acid is 

slightly decreased when the mole flow of side stream increased. Therefore, the 

optimum number of mole flow give high purity of three products is 30 kmol/h. 
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Fig. 5-14 The effect of mole flow of side stream in the second column on the molar 

fraction of acetic acid, water and triacetin. 

 

 
 

Fig. 5-15 The effect of changing mole ratio of acetic acid and glycerol on the molar 

fraction of acetic acid, water and triacetin. 

 

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40

M
ol

ar
 fr

ac
tio

n

Mole flow of side stream (kmol/h)  

Water
Acetic acid
Triacetin

0

0.2

0.4

0.6

0.8

1

1 2 3 4 5 6 7 8 9 10

M
ol

ar
 fr

ac
tio

n

Mole ratio acetic acid and glycerol

Water
Acetic acid
Triacetin



65 

The mole ratio of the reactants is an important part in determining the 

composition fractions of the product at the top and bottom of column. The mole ratio 

of acetic acid to glycerol was studied at 1:1 to 10:1. It can be seen from Figure 5-15 

that the mole fraction of three products increased with increasing feed molar ratio. 

The high purity of three products was achieved at greater than or equal to 7:1 mole 

ratio of acetic acid to glycerol. 

 

 
Fig. 5-16 The effect of reflux ratio in the second column on the molar fraction of 

water, acetic acid and triacetin. 

 

Figure 5-16 shows the changed of the reflux ratio in the second column of the 

reactive indirect thermally coupled sequence on the molar fraction of three products. 

The rate of reflux ratio increased from 1 to 10. As a result, it can be seen that when 

the reflux ratio more than 4 at the top of the column has a number of water about 83% 

and acetic acid is obtained as bottoms product about 90%, while the molar fraction of 

triacetin in the bottom of the reactive distillation is always higher 99.9%, remaining 

unchanged. It is observed from Figure 5-16 that the reflux ratio more than four give 

higher the molar fraction of three products. 
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Table 5.4 Total energy consumption in reactive distillation columns with 

conventional distillation sequences. 

 Condenser Duty (Btu/h) Reboiler Duty (Btu/h) 

Column 1 0 2.15×106 

Column 2 2.60×106 3.91×105 

Total 2.60×106 2.54×106 

 

From Table 5.4 presents the total energy consumption in both condenser and 

reboiler of each column in the reactive indirect thermally coupled sequence. In Table 

5.4, total energy consumption to achieve a high-purity of three products is considered. 

It can be seen that the energy consumption depends strongly on the values of the 

interconnecting streams. Appropriate values of the interconnecting streams are 

important to obtain the minimum energy consumption in the reactive indirect 

thermally coupled sequence. After the search for the optimum values of the recycle 

streams was conducted, values of 40 and 80 kmol/h for the liquid and vapor streams 

respectively were detected. 

From these results, it is found that the total condenser duty and reboiler duty 

of this arrangement equal to 2.6×106 Btu/h and 2.54×106 Btu/h, respectively. Also 

the total condenser duty and reboiler duty of this arrangement is less than that in the 

case of indirect sequence. This is the result from the reduction of re-mixing effect, 

which causes the column efficiency to improve. 

Considering the column performance of the column with side stripper 

arrangement, when the condenser of the first column has been replaced by thermal 

coupling, this condenser heat load is shifted to the condenser of the second column. It 

is well-known that the thermally coupled distillation column can reduce energy 

demands between 30 and 50% depending on the composition of the mixture to be 

separated. In this comparison, the results will be compared in terms of total energy 

comsumption. The energy consumption in complex distillation arrangement will be 

compared to the conventional indirect sequence. This comparison can be shown in 

Figure 5-16. From Figure 5-16, it is clearly seen that complex distillation 

arrangement, which is the reactive indirect thermally coupled sequence can reduce 
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total energy consumption in condenser and reboiler. In case of the column with side 

stripper, energy consumption can be reduced by about 48.6%. 
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CHAPTER VI 

 

REACTIVE DISTILLATION FOR  

TRIACETIN PRODUCTION FROM CRUDE 

GLYCEROL 
 

Crude glycerol is the primary by-product of manufacturing biodiesel, has been 

produced at increasing levels in recent years. It consists of the heavy liquid phase 

produced as a result of the transesterification of animal fats and vegetable oils, has 

high impurity content. 

For this section, this work investigated the potential of using the crude 

glycerol to produce triacetin by reactive distillation column. By using the crude 

glycerol instead of the pure glycerol and studied at three various possible 

configurations. In this chapter was studied by follow the configuration in chapter 4. 

Due to the configuration in chapter 5 was design quite difficult and complicated. 

 

6.1 Configulation 1: Direct feed of crude glycerol to a reactive distillation for 

triacetin production 

 

In general, a composition of crude glycerol depends on the materials and 

processes used in biodiesel production, a mixture of glycerol and methanol are a 

major components in the crude glycerol. By-product glycerol often contains up to 

50% impurities such as biodiesel & methanol (Norman Tate and Co. Ltd., 2003), a 

main subject for processing the byproduct of the transesterification reaction. Anand et 

al., (2010) reported that the crude glycerol produced in the biodiesel process has 

methanol about 14.5%. Furthermore, Onwudili and Williams (2010) presented the 

total concentration of methanol and moisture content of the crude glycerol was found 

to be 27.2 vol.% . However, the main compositions of crude glycerol are glycerol (60 
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wt.%) and methanol (31 wt.%) (Valliyappan et al., 2008) which were considered in 

this study is a reactant for triacetin production. 

 
Fig. 6-1 The reactive distillation column by feed a mixture of glycerol and methanol. 

 

In this section at different ratios of glycerol per methanol was used to 

investigate its effect on the triacetin process by using reactive distillation. Feed 

conditions in this studied are glycerol of 5 kmol/h, acetic acid of 30 kmol/h pressure 

of 1 atm, reflux ratio of 2, bottom rate 5 kmol/h and feed location of the glycerol is 2 

and acetic acid is 3, respectively as shown the details in Table 6.1. In this studied used 

a molar excess of acetic acid in the region of six times over glycerol in the feed. The 

reactive distillation column is produced triacetin at the bottom and allows the water, 

acetic acid and methanol to collect at the top of the column. 

From Fig.6-2 shows the conversion of glycerol and yield of triacetin at 

different ratios of glycerol per methanol. It can be seen that when increasing the 

percentage of methanol in glycerol the conversion of glycerol decreased only slightly. 

Furthermore, the yield of triacetin reduced to 99.85% when methanol is mixed with 

the glycerol is 30%. 
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Table 6.1 Feed conditions and specification in reactive distillation column for feed a 

mixture of glycerol and methanol 

Feed conditions Reactive distillation column 

Temperature (K) 

Pressure (bar) 

Flow rate (kmol/h) 

1) acetic acid 

2) glycerol 

Mole fraction 

1) acetic acid 

2) glycerol+methanol 

298 

1 

 

30 

5 

 

1 

1 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate (kmol/h) 

Feed location  

1) acetic acid 

2) glycerol 

17 

1 

2 

5 

 

3 

2 

 

 

  
Fig. 6-2 Conversion of glycerol and yield of triacetin at different ratios of glycerol per 

methanol. 

  

Figure 6-3 shows the effect of increasing the percentage of methanol in 
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and triacetin. The molar fraction of triacetin at the bottom of column decreases with 

an increase in the percentage of methanol. In addition, the molar fraction of water at 

the distillate stream has reduced but the molar fraction of acetic acid increased with an 

increasing amount of methanol in glycerol. The results indicate that the increase in the 

percentage of methanol in glycerol makes the product has a molar fraction decrease. 

The mole flow rate of the main components in the reactive distillation is 

shown in Fig. 6-4. It can be seen that the rate of flow of the reactant (acetic acid and 

methanol) increased while the flow rate of product (water and triacetin) decreased. 

The figures 6-5 show the results energy consumption in the reactive 

distillation columns when increasing the percentage of methanol in glycerol. 

Considering the total energy consumptions in both condenser and reboiler of each 

column, it is found that the condenser duty and reboiler duty decrease when increase 

the percentage of methanol in glycerol. 

 

 
Fig. 6-3 Molar fraction of main component in the reactive distillation column when 

increasing the percentage of methanol in glycerol. 
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Fig. 6-4 Molar flow of main component in the reactive distillation column when 

increasing the percentage of methanol in glycerol. 

 

 
Fig. 6-5 Energy consumption in the reactive distillation columns when increasing the 

percentage of methanol in glycerol. 
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6.2 Configuration 2: Pretreatment of crude glycerol and triacetin production  

 

 
Fig. 6-6 The distillation column for removal methanol and the reactive distillation for 

triacetin production. 

 

Table 6.2 Feed conditions and specification in distillation column for removal 

methanol and the reactive distillation for triacetin production. 

 

Feed Conditions 

Column specification 

Distillation column Reactive distillation 

column 

Temperature (K) 

Pressure (bar) 

Flow rate (kmol/h) 

1) acetic acid 

2) glycerol 

Mole fraction 

1) glycerol + 

methanol 

298 

1 

 

30 

5 

 

1 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate (kmol/h) 

Feed location  

1) glycerol + 

methanol 

10 

1 

0.1 

5 

 

2 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate 

(kmol/h) 

Feed location  

1) glycerol 

2) acetic acid 

17 

1 

2.3 

5 

 

 

2 

3 

 

In this section at different ratios of glycerol per methanol was used to 

investigate its effect on the triacetin process by using removal of methanol at the first 
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of distillation column and connected to reactive distillation by adding acetic acid to 

produce a triacetin. Feed conditions in this studied are glycerol of 5 kmol/h, acetic 

acid of 30 kmol/h and pressure of 1 atm. In the distillation column has reflux ratio of 

2, bottom rate 5 kmol/h and feed location of the glycerol mixed with methanol is 2. 

For the reactive distillation has reflux ratio of 2.3, bottom rate 5 kmol/h and feed 

location of the glycerol and acetic acid are 2 and 3, respectively. The details of feed 

conditions and specification are shown in Table 6.2. In this studied used a molar 

excess of acetic acid in the region of six times over glycerol in the feed. In the first 

distillation column used for removal of methanol mixed with glycerol at the top of the 

column. Then glycerol was removed at the bottom of column with connected to 

reactive distillation by adding acetic acid to produce a triacetin. In the reactive 

distillation column is produced triacetin at the bottom and allows the water, acetic 

acid and methanol to collect at the top of the column. 

  
Fig. 6-7 Conversion of glycerol and yield of triacetin at different ratios of glycerol per 

methanol in the case of removal of methanol at the first of distillation column. 
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Fig. 6-8 Molar fraction of main component when increasing the percentage of 

methanol in glycerol in the case of removal of methanol at the first of distillation 

column. 

 

 
Fig. 6-9 Molar flow of main component when increasing the percentage of methanol 

in glycerol in the case of removal of methanol at the first of distillation column. 
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From Fig.6-7 shows the conversion of glycerol and yield of triacetin at 

different ratios of glycerol per methanol. It can be seen that when increasing the 

percentage of methanol in glycerol the conversion of glycerol decreased only slightly. 

Furthermore, the yield of triacetin reduced to 92.5% when methanol is mixed with the 

glycerol is 30%. 

Figure 6-8 shows the effect of increasing the percentage of methanol in 

glycerol on the molar fraction of main component such as acetic acid, water, methanol 

and triacetin. The molar fraction of triacetin at the bottom of column decreases with 

an increase in the percentage of methanol. In addition, the molar fraction of water at 

the distillate stream has reduced but the molar fraction of acetic acid increased with an 

increasing amount of methanol in glycerol. Notice that the amount of methanol from 

the first separated by distillation column will be obtained with high purity. The results 

indicated that the increase in the percentage of methanol in glycerol makes the 

product has a molar fraction decrease.  

 

 
Fig. 6-10 Energy consumption in the distillation columns in the case of removal of 

methanol at the first of distillation column. 
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The mole flow rate of the main components in the reactive distillation is 

shown in Fig. 6-9. It can be seen that the rate of flow of the reactant (acetic acid and 

methanol) increased while the flow rate of product (water and triacetin) decreased. 

The Figure 6-10 shows the results energy consumption in the distillation 

columns when increasing the percentage of methanol in glycerol. Considering the 

total energy consumptions in both condenser and reboiler of each column, it is found 

that the condenser duty and reboiler duty decrease when increase the percentage of 

methanol in glycerol. However, the Figure 6-11 shows the results energy consumption 

in the reactive distillation columns when increasing the percentage of methanol in 

glycerol. Considering the total energy consumptions in both condenser and reboiler of 

each column, it is found that the condenser duty and reboiler duty decrease when 

increase the percentage of methanol in glycerol. 

 

 
Fig. 6-11 Energy consumption in the reactive distillation columns in the case of 

removal of methanol at the first of distillation column. 
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6.3 Configulation 3: Using Crude glycerol for methyl acetate and triacetin 

production 

 
Fig. 6-12 The reactive distillation column for methyl acetate production follows by 

the reactive distillation column for triacetin production. 

 

The third design is a device with two feeds, where acetic acid is fed near the 

top of the column and glycerol mixed with methanol near the bottom in equimolar 

amounts (Huss et.al, 2003). The column simultaneously produces methyl acetate as 

distillate, and glycerol and acetic acid as bottom product. In this design, the different 

ratio of glycerol per methanol was used to investigate its effect on the triacetin 

process by using reactive distillation. Feed conditions in this studied are glycerol 

mixed with methanol of 280 kmol/h, acetic acid of 280 kmol/h pressure at 1 atm. In 

the reactive distillation for methyl acetate production has reflux ratio of 2.8, bottom 

rate 510 kmol/h and feed location of the glycerol mixed with methanol is 36. For the 

reactive distillation for triacetin production has reflux ratio of 2, bottom rate 250 

kmol/h and feed location of the glycerol and acetic acid are 2 and 3, respectively. The 

details of feed conditions and specification are shown in Table 6.3. 

From Fig.6-13 shows the conversion of glycerol and yield of triacetin at 

different ratios of glycerol per methanol. It can be seen that when increasing the 

percentage of methanol in glycerol the conversion of glycerol decreased only slightly. 
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Furthermore, the yield of triacetin reduced to 99.85% when methanol is mixed with 

the glycerol is 30%. 

 

Table 6.3 Feed conditions and specification in the reactive distillation column for 

methyl acetate production and the reactive distillation for triacetin production. 

 

Feed Conditions 

Column specification 

Reactive distillation column 

for methyl acetate production 

Reactive distillation column 

for triacetin production 

Temperature (K) 

Pressure (bar) 

Flow rate (kmol/h) 

1) acetic acid 

2) glycerol + 

methanol 

Mole fraction 

1) acetic acid 

2) glycerol + 

methanol 

323 

1 

 

280 

280 

 

 

1 

1 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate (kmol/h) 

Feed location  

1) acetic acid 

2) glycerol + 

methanol 

38 

1 

2.8 

510 

 

3 

36 

Total stages 

Pressure (bar) 

Reflux ratio 

Bottom rate (kmol/h) 

Feed location  

1) acetic acid 

2) glycerol + 

acetic acid 

17 

1 

2 

250 

 

3 

2 

 

 
Fig. 6-13 Conversion of glycerol and yield of triacetin at different ratios of glycerol 

per methanol in the case of occurred methyl acetate. 
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Fig. 6-14 Molar fraction of main component when increasing the percentage of 

methanol in glycerol in the case of occurred methyl acetate. 

 

 
Fig. 6-15 Molar flow of main component when increasing the percentage of methanol 

in glycerol in the case of occurred methyl acetate. 
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an increase in the percentage of methanol. In addition, the molar fraction of water at 

the distillate stream has reduced but the molar fraction of acetic acid increased with an 

increasing amount of methanol in glycerol. The results indicate that the increase in the 

percentage of methanol in glycerol makes the product has a molar fraction decrease. It 

can be seen that the composition of the resulting mixture at the top of the column 

consists mainly of water and acetic acid while the bottom products comprise mostly 

the triacetin. The mole flow rate of the main components in the reactive distillation is 

shown in Fig. 6-15. It can be seen that the rate of flow of the reactant (acetic acid and 

methanol) increased while the flow rate of product (water and triacetin) decreased. 
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CHAPTER VII 

 

CONCLUSIONS AND RECOMMENDATIONS 
 

7.1 Conclusions 

 

In this thesis, application of reactive distillation for production of triacetin 

from glycerol and acetic acid was studied. 

The rate expressions of each reaction step can be summarized as follows: 

 

Glycerol + Acetic acid   Monoacetin + Water 

r1 = k1cglycerolcacetic acid - k-1cmonoacetinc water    (1) 

Monoacetine + Acetic acid   Diacetin + Water 

r2 = k2cmonoacetincacetic acid - k-2cdiacetinc water   (2) 

Diacetin + Acetic acid   Triacetin + Water 

r3 = k3cdiacetincacetic acid - k-3ctriacetincwater    (3) 

 

The works were divided into 3 sections; i.e. simulation of reactive distillation for 

triacetin production, energy integrated reactive distillation columns and using the 

crude glycerol instead of the pure glycerol for triacetin production. The results could 

be concluded as shown in the following sections. 

 

7.1.1. Simulation of reactive distillation for triacetin production 

 

Results under the standard condition indicated that triacetin was the main 

component of the bottom products 99.9% whereas the component of the distillate 

contained 50 mol% acetic acid and 49 mol% water. The conversion of glycerol and 

the yield of triacetin were 99.99% and 99.86%, respectively. The effects of various 

operating parameters on the reactive distillation performance were investigated by 

using the aspen plus simulator. From simulation studied, it is found that the optimal 
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configuration for the reactive distillation with molar ratio of 6:1, reflux ratio of 2 and 

distillate rate 30 kmol/h consists of 17 stages and feed stage of acetic acid and 

glycerol at stage 3 and 2, respectively. 

Considering the energy requirement at minimum TAC, the overall reboiler 

heat duties is 2.12× 106 Btu/h for the single column reactive distillation and the 

condenser heat duties is 2.24× 106 Btu/h. The reflux ratio is 1.4 and the reactive 

distillation column is 2.48 ft diameter. 

 

7.1.2. Energy integrated reactive distillation columns 

 

In this studied, the design improvement will consider the use of process 

alternatives or complex column thermally coupled column configurations are 

modified and discussed. The design and operating variable values are selected based 

on sensitivity tests. The energy consumption in complex distillation arrangement will 

be compared to the reactive distillation with conventional distillation column (indirect 

sequence). Energy consumption in reactive indirect thermally coupled sequence can 

be saved by applying the column with side stripper arrangement around 48.6%. It can 

be concluded that heat integration potential of the process is reduced by applying 

complex distillation arrangement to this process.  

 

7.1.3. Reactive distillation for triacetin production from crude glycerol 

 

For this section, this work investigated the potential of using the crude 

glycerol to produce triacetin by reactive distillation column. By using the crude 

glycerol instead of the pure glycerol and studied at three various possible 

configurations. The first design is feed a mixture of glycerol and methanol into the 

reactive distillation for triacetin production. The second design is removal of 

methanol at the first of distillation column and connected to reactive distillation by 

adding acetic acid to produce a triacetin. The third design is the reactants consist of 

glycerol methanol and acetic acid feed to the reactive distillation column for methyl 

acetate production and then operated to the reactive distillation for triacetin 

production. The results obtained that an increase in the ratio of methanol to glycerol 
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in crude glycerol derived from biodiesel production can decrease the purity of 

triacetin at the bottom of reactive distillation. In addition, the mole fraction of water at 

the distillate stream was decreased. However, the conversion and yield obtained with 

the crude glycerol were nearly, or only slightly lower than those seen with the pure 

glycerol. 

 

7.2 Recommendations 

 

To improve the triacetin production it is recommended as follows:  

From simulations of triacetin production in this work, it was recommended 

that other system configuration should also be investigated, for example, a reactive 

distillation with a pervaporation unit for recovering valuable chemicals present in the 

distillate back to the column. In addition, in the part of the studied of crude glycerol, 

more detailed analysis should be carried out. One problem with complex distillation 

thermally coupled arrangement is the controllability of the process. Therefore 

dynamic of process after applying the complex distillation arrangement to the process 

should be concerned. 
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APPENDIX A 

  

MODIFIED KINETIC PARAMETERS OF 

METHYL ACETATE ESTERIFICATION 

 
Methyl acetate (MeOAc) can be production from the liquid phase reaction of 

acetic acid (HOAc) and methanol (MeOH) in the presence of an acid catalyst (e.g., 

sulfuric acid or a sulfonic acid ion exchange resin) at a pressure of 1 atm. The reaction 

is as follows: 

 HOAc ൅ MeOH ՞ MeOAc ൅ HଶO     (A-1) 

 

The kinetic rate constant of esterification reaction for methyl acetate production based 

on a activity model can be expressed as: 

 r ൌ k୤ ൬ןHOAୡן୑ୣOHെ ן౉౛OAౙןHమ౥

K౛౧
൰     (A-2) 

 

where the reaction equilibrium constant and the forward rate constant are given by: 

 

 Kୣ୯  ൌ 2.32 ൈ exp ቀ଻଼ଶ.ଽ଼
T

ቁ      (A-3) 

 k୤ ൌ 9.732 ൈ  10଼exp ቀെ ଺ଶ଼଻.଻
T

ቁ hିଵ    (A-4) 

 

where T is the reaction temperature (K). The reaction equilibrium constant was taken 

from Song et al. (1998) and the rate constant in Eq. (A-4) was obtained by fitting the 

pseudo-homogeneous rate equation (A-2) to the heterogeneous rate data in Song et al. 

(1998). The heat of reaction used in this work is -3.0165 kJ/mol, indicating a slightly 

exothermic reaction. 

The kinetic parameter constants for the forward and reverse reactions at 

various temperatures are shown in Table A-1. 
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Table A-1 Kinetic rate constants based on activity at various temperatures. 

T(K) kf (h-1) kr (h-1) 

333 0.507 0.021 

343 0.880 0.039 

353 1.479 0.070 

363 2.415 0.120 

373 3.843 0.203 

 

Next, the Arrhenius plot (Fig A-1) is used to determine the pre exponential 

factor and the activation energy for the reverse reaction. 

 
Fig. A-1 Arrhenius plot for the reverse esterification reaction. 

 

From the Arrhenius plot, the pre exponential factor and activation energy are 

obtained as follows: 

ln ݂݇ ൌ ln ݂ܣ െ  
݂ܧ
ܴܶ 

ln ݂݇ ൌ 18.203 െ  
6287.7

ܶ  

Therefore, Af ൌ 8.044 ൈ  10଻ and E݂ ൌ 52275.94 ௃
௠௢௟
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APPENDIX B 

SIZING OF EQUIPMENT AND CALCULATION 

OF COST 
 

Correlations used for sizing of equipment and its parameters are shown in 

Table B-1 and B-2. A payback period of 3 years is assumed and a M&S index of 

1431.7 (the year of 2008) is applied in the calculation. Materials of construction are 

stainless steel. The equipment is sized as follows: 

 

Table B.1 Sizing of equipment 

Parameter Remarks Equations 

bARe [m2] Reboiler heat-transfer area 

bb

b
b TU

QftA
ReRe

Re2
Re )(

Δ⋅
=  

CondA [m2] Condenser heat-transfer area 

CondCond

Cond
Cond TU

QftA
Δ⋅

=)( 2

H  [m]  Column height  ))(spacingtray( trayNH =

 

Table B.2 Notation and parameter values for sizing of equipment and cost calculation  

Parameter Value  Remarks 

[$]MSC  1431.7 Marshall and Swift index (as of 
2008) 

]/[ 2
Re FhftBtuU b  150 overall heat-transfer coefficient of 

reboiler 
][Re FT bΔ  30 temperature driving force of reboiler 

]/[ 2 FhftBtuU Cond  100 overall heat-transfer coefficient of 
condenser 

][FTCondΔ  calculated
  

log-mean temperature driving force 
of condenser (temperature of process 
stream cooling water inlet and outlet 
temperature of 90 and 120 F, 
respectively) 

][mhweir  0.1 weir height for tray 
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The evaluation of equipment cost follows the procedures of Douglas (1988) 

Details are as follows: 

 

Capital cost 

 

Column cost 

Cost, $ = ( )pm
MS FFHDC

+⎟
⎠
⎞

⎜
⎝
⎛ 18.29.101

280
802.0066.1 ; 67.3=mF , 00.1=pF  

 

Tray cost 

Cost, $ = ( )mtS
MS FFFHD

C
++⎟

⎠
⎞

⎜
⎝
⎛ 55.17.4

280   00.1=sF , 00.0=tF , 

70.1=mF  

where  D = diameter of the column (ft) 
H = high of the column (ft) 

 

Heat-exchanger cost 

Cost, $ = ( )( )mpd
MS FFFA

C
++⎟

⎠
⎞

⎜
⎝
⎛ 29.23.101

280
65.0 ; 350.1=dF  for reboiler, 

000.1=dF  for condenser , 000.0=pF , 750.3=mF  

where A = heat transfer area (ft2) 

 

Operating cost 

 

Steam cost 

Cost, $/y = ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
y
hr8150

h
lb

lb000,1
$ Re

s

bs

H
QC

 

where sC = cost of steam ($/1,000 lb steam) 
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Cooling cost 

 Cost, $/y = ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
y
hr8150

h
lb

30lb
gal

34.8
1

gal000,1
$ Condw QC

 

where wC  = cost of cooling water ($/1,000 gal cooling water) 

 

Electricity cost 

 Cost, $ = ⎟
⎠
⎞

⎜
⎝
⎛

h-kW
04.0  

 

Example of calculations 

 

1. Single reactive distillation for triacetin production from glycerol and acetic 

acid 

 

 ( )
( )

2

2

6

Re ft01.724
F03

Ffh
Btu501

/1012.2
=

⎟
⎠
⎞

⎜
⎝
⎛

⋅

×
=

hBtuA b

 

 

 

( )
( )

2

2

6

ft35.941
F35.115

Ffh
Btu001

/1024.2
=

⎟
⎠
⎞

⎜
⎝
⎛

⋅

×
=

hBtuACond

 

 

 
( )( ) ft4824ft2))(spacingtray( === trayNH  

 

Capital cost 

 

Column cost; 

 
( )( )( )( ) 004,179$67.318.24848.29.101

280
7.1431Cost 802.0066.1 =+⎟
⎠
⎞

⎜
⎝
⎛=  
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Tray cost; 

 ( )( )( )( ) 614,14$7.1014848.27.4
280

7.1431$Cost, 55.1 =++⎟
⎠
⎞

⎜
⎝
⎛=  

 

Heat-exchanger cost; 

 ( )( ) ( )( )( ) 098,208$75.3035.129.24723.101
280

7.1431Cost 65.0 =++⎟
⎠
⎞

⎜
⎝
⎛=  

 For reboiler 

 

 ( )( ) ( )( )( ) 092,96$75.30000.129.235.1943.101
280

7.1431Cost 65.0 =++⎟
⎠
⎞

⎜
⎝
⎛=  

 For condenser 

 

Operating cost 

 

Steam cost; 

Cost, $/y = $/y
y
hr8150

lb
Btu14.894

h
Btu1012.2

lb000,1
4$

6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛ ×

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ 141,293 

 

Cooling cost; 

Cost, $/y = 3,648$/y 
y
hr8150

hr
lb

30
1024.2

lb
gal

34.8
1

gal000,1
05.0$ 6

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ×
⎟
⎠
⎞

⎜
⎝
⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
 

So 

 TAC = operating cost +
periodback -pay
costcapital  

  = 144,941 + 
3

497,810  

  = $/y 310,878 
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