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CHAPTER 1

INTRODUCTION

Global warming is a major problem in the world. The ways to solve this
problem of each country are different based on their resources and geography. One of
the ways to solve the problem is of using clean sources or renewable sources that are
interesting. This ways can decrease carbon dioxide (CO,) in the air and carbon life
cycle more than using source from fossil.

Biodiesel is an alternative fuel for diesel engines. Biodiesel represents a
mixture of alkyl (usually methyl or ethyl) esters of long-chain aliphatic acids. Because
its primary feedstock is a vegetable oil or animal fat, biodiesel is generally considered
to be renewable. Biodiesel have lower emissions of carbon monoxide, unburned
hydrocarbons, particulate matter, and air toxics than petroleum-based diesel fuel
(Zheng et al. 2008). Triglycerides in vegetable oil or animal oil hold promise as
alternative diesel engine fuels (Gerpen 2005). However, the direct use of vegetable
oils or oil blends is generally considered to be unsatisfactory and impractical for both
direct-injection and indirect type diesel engines (Ramadhas et al. 2005). Methyl esters
or ethyl esters obtained can be (Fukuda ef al. 2001) produced by chemically reacting
a vegetable oil or animal fat with an alcohol such as methanol or ethanol used strong
acids or bases as catalysts (Lotero et al. 2005). Since the demand of biodiesel increase
rapidly, glycerol which is obtained as a by-product became to oversupply. The
oversupply of glycerol feed stock will create a gut on the market in many countries.
Therefore many research attempts to utilize glycerol in several approaches.

Etherification of glycerol is one of a promising process for oxygenate fuel
production. The product form etherification of glycerol with fers-butyl alcohol

consists of mono-, di- and tri- zert-ether of glycerol.



Di- and tri-fert-butyl ethers of glycerol are usable as potential decrease carbon
monoxide and particulate matter emission from incomplete combustion. Mono-terz-
butyl ether of glycerol has a low solubility in diesel fuel and therefore the
etherification of glycerol must be directed to the maximum formation of di- and tri-
ethers (Klepacova et al. 2005). However the kinetic parameters of these reactions
have not be determined yet.

Since the synthesis of ethers is a typical example of equilibrium-limited
reaction that produces by-product H,O, the presence of H,O has a strong inhibition
effect on the catalytic activity (Cunill ef al. 1993) and the conversion is generally low
due to limits imposed by thermodynamic equilibrium. A combined process of
separation and chemical reaction in a single unit operation which is one type of
reactive distillation has attracted much attention for overcoming the equilibrium
conversion. Reactive Distillation (RD), a multifunctional process which combines
reaction and separation in single unit operation, has received much attention for
esterification and etherification. It is suitable for many reactions particularly those
limited by chemical equilibrium. The most important benefit of reactive distillation is
a reduction in capital investment and energy consumption.

From the above reasons, this research focuses on the application of reactive
distillation to produce ethers from glycerol and terz-butyl alcohol and the objectives
are

1. To estimate the missing properties of ether products from etherification
glycerol with zert-butyl alcohol using different group contribution methods.

2. To determine the kinetic parameters for the synthesis of ethers from
glycerol and fert-butyl alcohol in batch reactor.

3. To produce tert-butyl ethers of glycerol in reactive distillation and
investigate the effect of operating conditions on the performance of a reactive

distillation.



CHAPTER 2

THEORY

This chapter provides some background information necessary for
understanding biodiesel, synthesis of zert-butyl ether of glycerol, group contribution
method, reactive distillation process and Aspen Plus simulator program. The details

are as follows.

1 Biodiesel

Biodiesel is a nonpetroleum-based fuel that consists of alkyl esters derived
from either the trans-esterification of triglycerides (TGs) or the esterification of free
fatty acids (FFAs) with alcohols. Biodiesel is called the environmentally friendly
biofuel since it provides a means to recycle carbon dioxide. In other words, biodiesel
does not contribute to global warming. As a point of comparison, pure biodiesel
(B100) releases about 90% of the energy that normal diesel does, and hence, its
expected engine performance is nearly the same in terms of engine torque and
horsepower. The transesterification reaction is shown in Figure 1. Because the
reaction is reversible, excess alcohol is used to shift the equilibrium to the products
side (Hoydonckx et al. 2004).

Among the alcohols used in the transesterification process are methanol,
ethanol, propanol, butanol and amyl alcohol. Methanol and ethanol are used most
frequently, especially methanol because of its low cost and its physical and chemical
advantages (polar and shortest chain alcohol). It can quickly react with triglycerides
and NaOH catalyst is easily dissolved in it. The reaction can be catalyzed by alkalis,
acids, or enzymes. If more water and free fatty acids are in the triglycerides, acid

catalyzed transesterification can be used (Dorado et al. 2004).



Industrially, NaOH and KOH are preferred due to their wide availability and low cost.
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Figure 1 Transesterification of triglycerides with alcohol.

As shown in Figure 2, the base catalyzed production of biodiesel generally
occurs using the following steps. Firstly, the catalyst was mixed with alcohol using a
standard agitator or mixer. The alcohol/catalyst mix is then charged into a closed
reaction vessel and the oil or fat is added. The system from here on is totally closed to
the atmosphere to prevent the loss of alcohol. The reaction mix is kept just above the
boiling point of the alcohol (around 70 °C) to speed up the reaction and the reaction
takes place. Recommended reaction time varies from 1 to 8 hours. Excess alcohol is
normally used to ensure total conversion of the fat or oil to its esters. After trans-
esterification of triglycerides, two major products exist: glycerin and biodiesel. Each
has a substantial amount of the excess methanol that was used in the reaction. The
glycerin phase is much more dense than biodiesel phase and the two can be gravity
separated with glycerin simply drawn off the bottom of the settling vessel. The co-
product, glycerol, needs to be recovered because of its value as an industrial chemical.
Glycerol could be separated because it is insoluble in the esters. The glycerin by-
product contains unused catalyst and soaps that are neutralized with an acid and sent
to storage as crude glycerin. In some cases the salt formed during this phase is
recovered for use as fertilizer. In most cases the salt is left in the glycerin. Water and
alcohol are removed to produce 80-88% pure glycerin that is ready to be sold as crude
glycerin. In more sophisticated operations, the glycerin is distilled to 99% or higher

purity and sold into the cosmetic and pharmaceutical markets.
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Figure 2 Biodiesel production flowchart.

Cetane number (CN) is widely used as diesel fuel quality parameter. The
number relates to the ignition delay (the period that occurs between the start of fuel
injection and the start of combustion). Since there are hundreds of components in
diesel fuel, with each having a different cetane quality, the overall cetane number of
the diesel is the average cetane quality of all the components. Generally, diesel
engines run well with a cetane number from 40 to 51. Biodiesel from vegetable oil
sources have been recorded as having a cetane number range of 48 to 61 (Romas ¢f al.
2009). Biodiesel cetane number depends on the feedstock used for its production. The
longer the fatty acid carbon chains and the more saturated molecules has higher the
cetane number (Dermibas 2005; Knothe ef al. 1998). Fuels with higher cetane number
which have shorter ignition delays provide more time for the fuel combustion process
to be completed. Hence, higher speed diesels operate more effectively with higher
cetane number fuels. Premium diesel may have additives to improve cetane number
and lubricity, detergents to clean the fuel injectors and minimize carbon deposits,
water dispersants, and other additives depending on geographical and seasonal needs.
Dimethy! ether may prove advantageous as a future diesel fuel as it has a high cetane
number (Jang and Bae 2009). The 2-Ethyhexyl nitrate (2-EHN) (Bornemann et al.



2002) or di-tert-butyl peroxide (Clothier ef al. 2000) to diesel oil to improve ignition

and boost cetane number.

2 Etherification of glycerol

Glycerol has numerous applications in different industrial processes. One of
the interesting processes is glycerol ethers synthesis. A number of studies on the
preparation of glycerol ethers from glycerol with isobutylene or tert-butyl alcohol by
using different catalytic systems have been reported (Noureddini et al. 1998,
Klepacova et al. 2005; Klepacova et al. 2006; Karinen et al. 2006). The reactions are
shown in Figure 3. However, an isobutylene source is limited to catalytic cracking or
stream cracking fractions therefore ether products still partly base on fossil.
Isobutylene is also a valuable reagent as use as a starting material in other chemical
industries. Since fert-butyl alcohol is a major by-product in the ARCO process for the
manufacture of propylene oxide (Matouq et al. 1993), it can provide an alternative

route for the ethers synthesis (Matouq ef al. 1996).

Direct reaction Dehydration 0
glycerol + TBA<«—» MTBG +water TBA <—> IB+ water_
MTBG + TBA «—»DTBG-+water . Indirect reaction. :
DTBG + TBA <> TTBG +water glycerol +IB MTBG.

MTBG + [B¢—> DTBG
DTBG + IB<—> TTB(}

S

Figure 3 Etherification of glycerol with isobutene and fert-butyl alcohol

Tert-butyl alcohol had been proved as an aiternative reagent instead of
isobutylene to react with ethanol for ETBE production (Goto ef al. 1999). TBA can

directly react with glycerol, or indirectly dehydrated to isobutylene and then react



with glycerol. However, in the case of etherification with glycerol, using fert-butyl
alcohol as an etherification agent, the reaction was gave lower di- and tri-ethers yield
than that of using isobutylene. This might be influenced from water formation from
TBA dehydration which inhibit the catalytic activity of ion-exchange resin catalysts
(Klepakova et al. 2006).

3 Group contribution method
Physical and thermodynamic properties of gases and liquids are of vital
concern to the chemical engineer, who is involved in research, in development, in
plant design, or in production. But for many compounds of interest to the chemical
engineer, the only data available such as the molecular weight and the boiling point
and for some of newer, more exotic compounds, even the boiling point may not have
been reported. Even for well-known compounds, the data available will often not
cover the region of interest to the chemical engineer. It is thus not surprising that in
recent years literally thousands of investigated which present methods of estimating a
variety of properties. Many of the method are based on theoretical considerations and
allow the user to calculate one set of properties from another set already known.
Others require only acknowledge of the structure of the compound under
consideration and use empirically derived contributions for various atomic or function
subgroups within the molecule. Such contributions are then manipulated algebraically
to estimate the required output properties. “Structural increment” method are
extremely useful if no other property data exist for the compound, since calculated
output properties can then be in other methods to estimate a variety of other
properties.
3.1 Joback group contribution method
Joback’s et al. (1984) reevaluated Lydersen’s group contribution
method scheme, added several new functional groups, and determined new

contribution values. The relations for calculations properties are:

T.(K) = T,[0.5084 + 0.965{F, N, (tck)} — {Sp Ne(tck)}F™  (2.1)
P.(bar) = [0.113 + 0.0032N,m — Sk Nx (pck)}2 2.2)
Tp(K) = 198 + 3, Ny (tbk) 2.3)



GP (k] mol™™) = 53.88 + 3 Ny (gfk) 2.4

where the contributions are indicated as ¢ck, pck and vck. The group identities and
Joback’s value for contributions to the critical are listed in Appendix B. For
calculation of critical temperature (T.), the value of the normal boiling point (Tp) is
needed.

3.2 Gani group contribution method

Constantinou and Gani developed an advance group contribution
method on the UNIFAC group but they allow for more sophisticated of the desired
properties and also for contributions at a “second order” level. The functions give
more flexibility to the correlation while the second order partially overcomes the
limitation of UNIFAC which cannot distinguish special configurations such as
isomers, multiple group located close together, resonance structures, etc., at the “first
order”. The general Constantinou and Gani formulation of a function f[ F] of a
property F'is

F = f[3x N (Fu) + WX M; (Fyj)] (2.5)

Where f can be a linear or nonlinear function, N} is the number of first-order groups of
type k in the molecule. F); is the contribution for the first-order group labeled 1% to
the specified properties of F. M; is the number of second-order group of type j in the
molecular and F; is the contribution for the second-order group labeled 2; to the
specified property of F. The value of W is set to zero for first-order calculations and
set to unity for second-order calculations. For the properties, the Constantinou and

Gani formulations are

T.(K) = 181.1281n [T Ny (tc1k) + W T; M; (tc2j)] (2.6)
P.(bar) = [X; Ne(pclk) + X; M; (pc2j) + 0.10022]72 + 1.3705  (2.7)
Ty (K) = 204.3591n [T Ny, (th1k) + W 3, M;(th2j)] 2.8)

Gf (Kl mol™) = —14.83 + [T, Ny (gf 1K) + W X; M; (gf2))] (2.9)



The error of this method is large when it is applied with calculations of
low carbon atom and second-order is applied. But the Constantinou and Gani method
can be quite reliable for the formation properties, especially for species with three or
more carbon atoms. The functional groups from Gani’s group contribution are listed
in Appendix C.

3.3 Benson group contribution method

Benson and coworkers have developed the technique for
thermodynamic properties estimation. There are several references to Benson’s work
such as CHETAH program. Benson’s method is detailed of the contribution of
bonding arrangements that chosen groups can have with every other type of group or
atom except hydrogen. Thus the method involves next-nearest neighbor interactions.

The values from the Benson group can be assumed directly to obtain

standard enthalpy of formation (AH}%Z%JS)), and heat capacity (Cp(T)) values.
However, obtaining Sfo(zgs_ls) also requires taking molecular symmetry in to account,
Finally, obtaining AG&Z%J 5) requires subtracting the entropy of the elements.

The relations are

AHf 0815k = i Ne(AHE) (2.10)
S&zgs.wx) = Y N (Sg + 52) + 52 (2.11)
521(298.151() = Y Ve(S) (2.12)
'5619(293.151() = A171'19(293.1510 - 293-15[519(298.15K) - 521(298.151{)] (2.13)

The Benson’s group contribution values are listed in Appendix D. The sample

entropy, S2 is independent of 7 and given by

S$9 = RIn(N,;) — RIn(N) (2.14)

Where N,; is the number of structural isomers of the molecule and N is the total
symmetry number. Normally, N,; =1 so it makes no value in equation (2.14). The two
cases can be non unit values. The first is when there is a plane of symmetry where the

atoms can form mirror image arrangements (optical isomers) so that the atom in the
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plane has asymmetric substitutions. For example, the four atoms (H, F, Cl, I) bonded
to the carbon shown in Figure 4 (a) can be arranged in two distinct ways, so its Ny; =2.
The second way for N,; to be different from unity is an otherwise symmetrical
molecule is frozen by steric effect onto an asymmetrical conformation. For example,
2, 2, 6, 6’-tetramethylbiphenyl shown in Figure 4 (b) cannot rotate about the bond
between the two benzene rings due to its 2, 2’ steric effects. Therefore, the plane of
the ring have two distinct arrangements (¥, =2) which must be included in the
entropy calculation. If the desired species is the racemic mixture (equal amounts of
the isomers), each asymmetric center contributes two to N,;, but if the species is a

pure isomer, N, =1.

H4C
CHs
clzl
K~ CH
H \ 3
F CHg
(a) (b)

Figure 4 (a) Carbon bond with Hydrogen, Fluorine, Chlorine and Iodine
(b) 2, 2°, 6, 6’-tetramethylbiphenyl structure

To obtain N, one multiplies the two distinct types of indistinguish
ability that can occur: “internal” designated N, and “external” designated N The
value of N can be found by rotating terminal groups about their bonds to interior
groups. An example is methyl (-CH;) which has three indistinguishable
conformations (N, = 3) and phenyl which has N =2. Benzene has N = 6 from

rotation about its ring center, etc. Finally N is found form;

Nis = Neg Hk:term(Nis)k (2.17)
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4 Conventional reactor versus reactive distillation

A conventional configuration for a chemical process usually involves two
steps of chemical reaction and subsequent separation. In the chemical reaction step,
reactants are brought into contact with solid 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
reaction products 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 by distillation is typically chosen.

L

x¢ IIHHHJH%

Inertstream..
R
Reactant recovery
Section
Reactor
Section Product stream
Distillation
Column

Figure 5 Conventional process involving reaction followed by separation.

Reactive distillation is combination of reaction and separation in one single.
Reactive distillation can eliminate conversion limitations of equilibrium control
reaction by continuous removal of products from the reaction. Reactive distillation
has been applied to many esterification, hydrolysis process and the formation of fuel
oxygenates in chemical and petrochemical industries. Reactive distillation was first

used by the chemical and petrochemical industry in esterification process to separate
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reaction product from reactant to increase product yields (Venkataraman et al. 1990).
Applications of commercial reactive distillations can be found in many processes as
reported in literature methyl acetate process (Fuchigami 1989), ethyl tert-butyl ether
(Assabumrungrat et al. 2004), on pilot scale ethyl acetate process (Lai et al. 2007).

4.1 Reactive distillation configurations

The flow diagram of the reactive distillation is shown in Figure 6. The
middle section of the column is the reactive section. For a non-azeotropic chemical
system, separation of the inerts takes place in the rectifying section and the

purification of the product takes place in the stripping section.

The reactive distillation column contains both 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. For 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.

[ B duct
B L S b

- «—— Rectifying section

«—— Reaction section

_ «— Stripping section

S

Catalytst packing

—
Bottom Product

Figure 6 Concept of reactive distillation
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4.2 Advantages of reactive distillation

Application of reactive distillation to a catalytic chemical reaction
using solid catalysts offers many advantages compared to a conventional process as
summarized below:

4.2.1 Two process steps, i.e. separation and reaction, can be
carried out in the same device. Such integration leads to lower costs in pumps, piping
and instrument.

422 The heat released from the reaction can be used for
vaporization of liquid, leading to savings of energy costs by the reduction of reboiler
duties.

4.2.3 Product selectivity 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.

4.2.4 If the reaction zone in the reactive distillation column is
placed above the feed point, poisoning of the catalyst can be avoided. This leads to

longer catalyst lifetime compared to conventional systems.

S Aspen Plus simulator program

Aspen Plus program is one of the components in 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 plant and across the enterprise. It
automaticaily integrates 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, Its capabilities develop for specific industrial applications, such as
petroleum simulation.

Aspen Plus is process engineering tool for the design and steady-state
simulation and optimization of process plants which easy to use, powerful, flexible.
Process simulation with Aspen Plus 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
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operating conditions and the rigorous Aspen Plus equipment models, actual plant
behavior can be simulated. Aspen Plus can help to design better plants and to increase
profitability in existing plants.

5.1 Features of Aspen Plus program

Utilize the latest software and engineering technology to maximize
engineering productivity through its Microsoft Windows graphical interface and its
interactive client-server simulation architecture.

5.1.1 Contain the engineering power needed to accurately model
the wide scope of real-world applications, ranging from petroleum refining to non-
ideal chemical systems containing electrolytes and solids.

5.1.2 Support scalable workflow based upon complexity of the
model, from a simple, single user, process unit flowsheet to a large, multi-engineer
developed, multi-engineer maintained, plant-wide flowsheet.

5.1.3 Contain multiple solution techniques, including sequential
modular, equation-oriented or a mixture of both, and allow as quick as possible
solution times regardless of the application.

5.2 Benefits of Aspen Plus program
5.2.1 Proven track record of providing substantial economic
benefits throughout the manufacturing life cycle of a process, from R&D through
engineering and into production.
5.2.2 Allow 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.



CHAPTER 3

LITTELATURE REVIEW

This chapter contains the research reviews of etherification of glycerol with
tert-butyl alcohol, the kinetic models of ethers and esters production, group

contribution methods and application of reactive distillation for ethers production.

1 Production of zert-butyl ether of glycerol

Tert-Butyl ethers of glycerol with high content of di-ethers and especially
tri-ethers are known as potential oxygenates to diesel fuels (diesel, biodiesel and their
mixtures). These oxygenate ethers can reduce the emissions and mainly particulate
matters (Noureddini ef al. 1998). When glycerol is etherified with isobutene or fert-
butyl alcohol, some or all of the hydroxyl groups in the glycerol molecule react. Thus,
depending on the extent of etherification, up to five ether isomers may be formed (as
show in Figure 7): two monosubstituted monoethers (3-fert-butoxy-1,2-propanediol
(7a) and 2-tert-butoxy-1,3-propanediol (7b)), two disubstituted diethers (1,3-di-tert-
butoxy-2-propanol (7c) and 2,3-di-fert-butoxy-1-propanol (7d)) and one trisubstituted
triether (1,2,3-tri-tert-butoxy propane(7e)).

Klepacova et al. (2005) studied etherification of glycerol with isobutylene
or tert-butyl alcohol the liquid phase catalyzed by strong acid ion exchange resins of
Amberlyst type and by two large-pore zeolites H-Y and H-Beta. In the case of using
isobutylene, the highest glycerol conversion of 100% was obtained over both strong
acid macroreticular ion-exchange resin A-35 and A-15 at 60°C. However, higher
temperature (90°C) causes considerable drop in conversion and yield of desired di-
ethers and tri-ethers. The obtained yield is 39.2% in the case of A-35 while 10.8% in
the case of A-15. This is become the higher reaction temperature supports some side

reactions show below.

15
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Figure 7 Reaction scheme for the etherification of glycerol with zert-butyl alcohol.

2DTBG + TTBG €<—> MTBG ()
2MTBG <—> DTBG + Glycerol (2)

The formation of diisobutylenes (DIB) by dimerisation of isobutylene could
be occursed when molar ratio of isobutylene to glycerol was over 4:1. Zeolites H-Y
and H-Beta provides lower selectivity than ion-exchange resins. Tri-zert-butyl ether of
glycerol (TTBQG) is not formed over H-Beta zeolite because of steric hindrance. The
higher amount of lower oligomers of isobutylene (di-isobutylenes) was formed over
H-Beta at 90°C. In the case of using fert-butyl alcohol, glycerol conversions at 60°C
were 86% and 79% while yield of desired di-ethers and tri-ethers were 14.8% and
13.4% in the cases of A-35 and A-15, respectively. The lower in conversion and yield
in case of using tert-butyl alcohol comparing with isobutylene might because water

formation by dehydration of ferz-butyl alcohol which can deactivate the catalysts.
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Klepacova et al. (2006) further emphasized on the investigation of
Amberlyst type ion exchange resin i.e., Amberlyst 15, Amberlyst 35, Amberlyst 31
and Amberlyst 119. The most suitable catalysts for terz-butylation of glycerol are the
ion-exchange resins with a high degree of crosslinking i.e., A-15 or A-35. These
catalysts have large pores which allow the formation of voluminous molecules of
glycerol tert-butyl ethers. The optimal reaction temperature is 75°C, the glycerol
conversion was 87.8 % on catalyst A-35 (more acid) and 68.4 % on A-15 when tert-
butyl alcohol was an etherification agent. The conversion of glycerol and the yield of
ethers have increased with higher mole ratio n(TBA)/n(G). Water present in the
reaction system has an inhibition effect on glycerol zert-butylation. The best results
were reached when isobutylene was used as etherification agent (XG = 100 %, Yield
of di- and tri-ethers 1s 91.6 % for A-15 and 90.8 % for A-35). No water was formed
during this reaction. The higher swelling capacity was shown by ion exchange resins
with gel structure A-31 and A-119 because the degree of crosslinking is very low, but
their pores are too narrow also after the swelling, so the reaction runs slowly and with
difficulty.

Karinen et al. (2006) studied the etherification of glycerol with isobutene in
liquid phase with acidic ion exchange resin catalyst (A-35). To increase the selectivity
of the reaction towards the ethers and to hinder the formation of hydrocarbons it is
required that the reaction should be carried out above 70°C with isobutene and
glycerol near stoichiometric ratio. Excess of isobutene enhances the oligomerisation
reaction whereas and the excess of glycerol increases the viscosity of the reaction
mixture. High viscosity affect the mass transfer between liquid solution and catalyst
therefore the reaction rate was limited. In a typical 7 h experiment, complete or almost
complete conversion of glycerol was achieved at reaction temperatures above 70°C
when the initial isobutylene/glycerol ratio was 3 or higher. Addition of ferz-butyl
alcohol to the reaction mixture can hinder the oligomerisation reactions and eliminate
the mass transfer limitations therefore improves the selectivity and yield. The
formation of tri-ether is favoured when the initial isobutene/glycerol molar ratio is
high. The optimal conditions for the formation of the di-ether are stoichiometric initial
molar ratio of isobutene/glycerol and 80°C, and at low conversion level as well as

with low initial isobutene/glycerol molar ratio the mono-ethers are the main products.
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C8 alkenes are the main products in the oligomerisation reaction. The fraction of C12
and C16 hydrocarbons decreases when the reaction is carried out at high temperatures
or if the selectivity is controlled by adding fert-butyl alcohol to the reaction mixture.
Klepacova et al. (2007) investigated the influence of catalyst, and
temperature on the etherification of glycerol with isobutylene in the liquid phase
catalysed by strong acid ion-exchange resins of Amberlyst type (A-15 and A-35), p-
toluenesulfonic acid and by two large-pore zeolites H-Y and H-Beta. The highest
glycerol conversion 88.7% was achieved over zeolite H-Y after 8 h. Reaction over H-
Beta zeolite runs faster with high selectivity to di-ethers, but formation of tri zerz-butyl
ethers of glycerol was sterically hindered. The highest amount of tri-ethers was
observed over A-35. In the case of ion-exchange resins A-35 gives about 10% higher
mitial rate than A-15. From the technological point of view the zeolites are not
convenient as catalysts for studied reaction because of their easy deactivation and
higher price to that of ion-exchange resins. The homogeneous catalyst (p-
toluenesulfonic acid) provides better results in di-ethers formation. The most
appropriate temperature for etherification of glycerol is 60°C because the reaction rate
is sufficient with high conversion and selectivity to ethers. The concentration of
glycerol decrease as temperature increases, showing that the side reaction of
isobutylene dimerisation became the preferred reaction at higher temperatures and

longer reaction times.

2 Kinetic mechanism models of esters and ethers production

The kinetic models of etherification and esterification catalyzed by ion-
exchange resins were classified in Langmuir-Hinshelwood model (LH model), Eley-
Rideal model (ER model) and Pseudo Homogenous model (PH model or PL model).
For high polar reaction media, the PH model has been successful used to estimated
kinetic parameter (Sanz et al. 2004; Steinigeweg and Gmehling 2004; Jiménez et al.
2002) However, the PH model does not considering in sorption effect of the different
species (reactants and products) into the catalyst (ion-exchange resin). The LH model
and ER model consider the sorption effect in their kinetic model. For LH model, the
basic idea mechanism is that all reactants are adsorbed on the catalyst surface before

chemical reaction takes place. The ER model is applied when the reaction takes place



19

between an adsorbed and a non-adsorbed reactant. Figure 8 show the difference
between LH model and ER model mechanism. For ER mechanism, firstly an atom
adsorbs onto the surface of catalyst (Figure 8a) and another atom passes by which
interacts with the one on the surface (Figure 8b). Finally, a molecule is formed and
then desorbs (Figure 8c). But for LH mechanism, two atoms adsorb onto the surface
of catalyst (Figure 8d). Two atoms diffuse across the surface and interact when they
are close (Figure 8e). Finally, a molecule is formed which desorbs from catalyst

surface (Figure 8f).

Eley-Rideal Mechanism
’i o l;
(8a) (8b) (8¢)

langmulr—flinshelwmd Mechanism

< o

(8d) (8e)

Figure 8 Eley-Rideal and Langmuir-Hinshelwood mechanism.

Delgado et al. (2007) was investigated esterification of lactic acid and
ethanol in the presence of the commercial ion-exchange resin Amberlyst 15.
Experimental kinetic data of the esterification and the hydrolysis reactions were
correlated simultaneously with the Langmuir-Hinshelwood (LH) and pseudo-
homogeneous (PH) models. The non-ideality of the liquid phase was considered by
using activities instead of mole fractions. The activity coefficients of the components
in the liquid phase were calculated by using the UNIQUAC equation. The equilibrium

constant was calculated from the component composition at equilibrium. The kinetic
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parameters of the PH and LH models were obtained by reduction of the experimental
kinetic data to minimizing the objective function using the Simplex—Nelder—-Mead
method. A fourth order Runge-Kutta method was used to solve the differential
equation. The quality of the curve fitting was evaluated through the mean relative
deviation. The LH model gave the best agreement with the kinetic experimental data.
The activation energy of esterification and hydrolysis reactions were found to be
52.29 and 56.05 kJ mol .

Zhang et al. (2004) studied the esterification of lactic acid with ethanol in
the presence of five difference ion-exchange resins. Two simplified mechanisms
based on LH model were compared by correlating the experimental data. The LH
mechanism model were classified in mechanism A and B. Mechanism A assumes that
ethanol and water adsorbed much stronger than other components in the esterification
solution, so the adsorption of ethyl lactate and lactic acid was neglected. For
mechanism B, it was assumed that lactic acid and water had the strongest adsorption
than ethyl lactate and ethanol. The rate equation for mechanism A described more
accurately the experimental data than mechanism B. Therefore, the former was more
reliable for this kind of esterification reaction.

Karinen and Krause (2001) investigated etherification of 2,4,4-trimethyl-1-
pentene and 2,4,4-trimethyl-2-pentene with methanol catalyzed by a novel Smopex-
101. The LH model which the adsorption of alkenes is assumed to be weak relative to
methanol and ether show the activation energies obtained for the etherification of
2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene were 86 and 80 kJ mol”. An
equally good fit was obtained with the ER model, which assumes that the alkenes
react without adsorption. In both models the adsorption constants for methanol and
ether are of the same order of magnitude. This constitutes a significant difference
from the modeling results obtained with conventional ion-exchange resin catalysts
and can be explained by the nature of the polymer matrixes.

Mao et al. (2007) investigated the etherification of methanol with 2-methyl-
I-butene (2M1B) and 2-methyl-2-butene (2M2B) catalyzed by the macroporous
cation-exchange resin (D005SII). The activity coefficients were estimated by Wilson
method. There were three mechanisms adopted for simulating reaction rate equations,

containing homogeneous reaction mechanism (PH model), LH mechanism model and
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ER mechanism model. The equations based on the LH mechanism model were found
to get the best fit with the experimental data. The results showed that the experimental
data for thermodynamics agreed with the theoretical predications well, and the
activation energy was 88.1 and 102.1 kJ mol™"' for the etherification of 2M1B and
2M2B, respectively, by kinetic calculation.

3 Group contribution method

A group contribution method is a technique to estimate and predict
thermodynamic and other properties from molecular structures. Their advantages are
that they need no experimental data, and since organic compounds used in chemical
industry. Group contribution methods can be applied to really a great number of
substances. However, first order group contribution methods cannot distinguish
among structural isomers, because the isomers have the same number and kind of
groups. The second order groups have been introduced into the group contribution
equation.

Benson ef al. (1976) had proposed additives of molecular properties. It is
shown that the zero-order approximation is equivalent to the law of additive of atomic
properties, the first-order approximation to the law of additives of bond properties, the
second-order approximation to the law of additives of group properties. The results
showed agreements for the various rules and certain extensions and limitations. The
estimation of bond dissociation energies is possible with the additives rules as are the
thermodynamic properties of free radicals. The conclusion showed that for C, and S°
(ideal gases), the additives of atomic properties works to about +2 cal mole 'K,
while the additives of bond properties is usually good to about +1 cal mole'K™. The
latter also estimates HY to about =3 kcal mole”. The group additives relation is
generally obeyed to within +0.5 cal mole'K™ for C, and §° and about +0.6 kcal
mole™ for HY.

George ef al. (1976) used Ambrose, Joback and Chueh-Swanson definitions
of group contributions and modified to account for the location of the functional
groups in the molecule for predicting the auto ignition temperature (AIT) of pure

components. The result proposed that the method can predict the auto ignition
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temperature of pure components only from the knowledge of the molecular structure,
with an average error of 2.8 % and a correlation coefficient of 0.98.

Iwai et al. (1999) introduced the second order of group contribution method
for calculate normal boiling point of many substance. This method showed the
absolute average error of the normal boiling points of 1.24 K. The proposed method
can distinguish the normal boiling points of alkane isomers well. The saturated vapor
pressures have been calculated using the present second order groups. The absolute
average percent errors are 6.0, 3.6, and 6.0% at 7,—50, Tb and 7, +50, respectively.

Constantinou and Gani (2004) had reported the expectation of higher order
of group contribution method should be more correct than lower order group
contribution method. The methods for prediction of normal boiling point, normal
melting point, critical pressure, critical temperature, critical volume, standard
enthalpy of vaporization, standard Gibbs energy, and standard enthalpy of formation
at 298 K were investigated. This research showed the distinguish among isomers.
Compared to the currently-used methods-first order method, this technique (Gani’s
method) demonstrates significant improvements in accuracy and applicability.

Mavrovouniotis (2004) had presented for the estimation of the standard
Gibbs energies of formation of biochemical compounds (and hence the equilibrium
constants of biochemical reactions) from the contributions of groups. The method
employs a large set of groups and special corrections. The contributions were
estimated via multiple linear regressions, using screened and weighted literature data.
For most of the data employed, the error is less than 2 kcal mol’. The method
provides a useful first approximation to Gibbs energies and equilibrium constants in
biochemical systems.

Rajagopal et al. (2005) estimated the standard enthalpy of formation, by
Benson’s group contribution, and by semi-empirical molecular simulation methods
compared with experimental data. Benson's method can estimate hydrocarbon
enthalpies satisfactorily. The Benson's estimates of enthalpies of free radicals superior
to the molecular simulation parameterization method (PM3) and are less accurate than
the specialized computationally intensive PM3-family correlation (PM3-FC) method.
The estimation of enthalpies for hydrocarbon radicals is substantially improved by a

linear correlation of estimated values from semi-empirical molecular simulation
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method PM3 with experimental data. The radical enthalpies are now comparable to
molecular simulated PM3-FC estimates. The hydrocarbon cations were divided into
classes and estimated enthalpies found by adding Benson's enthalpy of radicals to the
average ionization energy for the class. These predictions have an average absolute
deviation of 8.6 kcal mol™'. The proposed correlations effectively predict the standard
enthalpy of formation of hydrocarbons, free radicals and carbocations. This
methodology can be readily implemented in simulation programs to estimatethermo
chemical properties of hydrocarbons, free radicals and carbocations and to improve
the design and optimization of hydroprocessing units reducing costly hydrogen
consumption.

Dalmazzone et al. (2006) applied Benson's second order groups, for the
prediction of critical temperatures and enthalpies of vaporization of covalent
compounds. The results were compared to the most common existing first or second
order group contribution methods. The overall precision for 7. predictions of 381
compounds is 5.8 K, which better than Constantinou of 9.2 K and Joback of 23.6 K. It
also precise for prediction of AH,,, of 319 compounds at 298 K and at the normal
boiling point. Furthermore, group contribution may now be used for the computation

of gas phase properties, 7., and AH,,, at any temperature lower than 7.

4 Ethers production in reactive distillation

Reactive distillation was proposed in the late 1910s, the first commercial
practice started in about 1980s. The integration of separation and reaction process in a
one unit can improves the conversion of chemical reactants and the selectivity of the
desired products, by shifting the chemical equilibrium boundaries, accelerating
reactions, reducing by-products, and overcoming azeotropic limitations. Nowadays,
reactive distillation is one of favor process for liquid phase synthesis of octane-
enhance for gasoline such as Methyl ferz-Butyl Ether (MTBE), Tertiary Amyl Methyl
Ether (TAME), Ethyl tert-Butyl Ether (ETBE), Tertiary Amyl Ethyl Ether (TAEE).
Recently, many researches showed the use of MTBE is tendency to pollute
underground water. It is a pending legislation to use of MTBE in many states in US.

TAEE or ETBE are the most potential octane enhancer to replace MTBE.



24

Matougq et al. (1996) reported that reactive distillation column was efficient
to separate ETBE from an aqueous solution and homogenous catalyst. Catalysts such
as NaHSO,4, H,SO, fail to synthesis ETBE because the dehydration of TBA was
dominant. Quitain ez al. (1999a) studied a continuous synthesis of ETBE from TBA
and bio-ethanol (2.5 mol% ethanol in aqueous solution) catalyzed by Amberlyst 15 in
reactive distillation column. At standard operating condition, 60 mol% ETBE can be
obtained in the distillate and almost pure water was in the residue. The conversion of
TBA and ETBE selectivity are 99.9 and 35.9 %, respectively. Aiouache and goto
(2004) studied etherification of TAEE in reactive distillation column inserted by a
zeolite NaA membrane tube. Assabumrungrat et al. (2004) investigated the synthesis
of ETBE from a liquid phase reaction between tert-butyl alcohol and ethanol in
reactive distillation catalyzed by B-zeolite with three compositions (Si/Al ratio=13, 36
and 55). The reactive distillation column packed with [-zeolite shows better
performance than that packed with the commercial Amberlyst 15. It is obviously due
to the better performance of B-zeolite as reported by previous work (Assabumrungrat
et al. 2002). The effect of various operating parameters for both types of catalysts

follows the same trend.



CHAPTER 4

RESEARCH PROCEDURE

This chapter describes the experimental procedures for the synthesis of tert-
butyl ethers from glycerol and tert-butyl alcohol. Figure 9 show the step of
experimental for both autoclave reactor and reactive distillation in this study. For
thermodynamic and kinetic study, the etherifications of glycerol and fert-butyl alcohol
were carryout in autoclave reactor as shown in Figure 10. The results were comparing
with the results from simulation program. Reactive distillation study were considering
in both experiment (show in Figure 11) and simulation. Details are given for the

thermodynamic study, kinetic study and reactive distillation study as follows:

Experiment and Simulation

Thermodynamic study

Thermodynamic propertics estimation T, P, Ty Hy Gy ;

SO e e > Equilibrium constant (K,

Part |

Part 11

L 4

Kinetic study
Reaction time and effect of stirring speeds g e I S e \
Kinetic parameters detcrmination e, RiNCHCTIE CONRILTD)

M

Part I11

Reactive Distillation study

Effect of design parameter " Standardmodeland |

Effect of operating parameter > operatingcondition |

Figure 9 Schematic diagrams for all steps in this study.

25



26

1 Thermodynamic study

Due to the component of ether products are not appearing in Aspen Plus
data base so the new components must be specified and added to Aspen Plus program.
The various group contribution methods that will be applied to estimate the missing
properties are Joback’s method, Gani’s method and Benson’s method. The group
contribution methods can be classified into first order and second order. All group
contribution method was added in Aspen Plus simulator program. Aspen program can
be applied to investigate the simulation of several reactions and unit operations. The
etherification reaction of glycerol and tert-butyl alcohol was added in this simulator
program. The Aspen Plus program allow user to add the functional group for each
component include the method of group contribution. Firstly, Benson’s method,
Joback’s method and Gani’s method were used to estimate critical properties of any
component in this study. The details of specification of new components in Aspen
Plus Program are showed in Appendix E. The molecular structure should be import
from other source because Aspen Plus program define the difference molecular,
program define the possible structure are contained in program. In this research will
be applied the Chemdraw program to create the new molecular structure. The type of
file from Chemdraw program must be mole file (.mol).The functional groups of each
component of several methods are listed in Appendix B-D. The properties of all
components estimated by Aspen Plus program will be brought to compare with the
data from handbook and online data. The equilibrium reactoin of etherification of
glycerol with tert-butyl alcohol were considering by RGibbs model in Aspen Plus
program. All group contribution methd were compare with the result from experinemt
to find the best group contribution and determine the equilibrium kinetic constant

pararmeter for etherification reaction.

2. Kinetic study

2.1 Chemical and catalysts

The chemicals used in this study consist of standard grade chemicals with
purity higher than 99.5% for gas chromatograph calibration and reagent grade
chemicals for major experiments. Table 1 provides the details of chemical purity and

suppliers. The strong acid ion exchange resin Amberlyst-15, is the strong acid ion
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exchange resin that the pore size type is macrorecticular pore. The catalysts were
dried overnight in an oven at 383 K before use. Table 2 provides the physical
properties of Amberlyst-15 catalysts.

Table 1 Details of chemicals use in the study

Chemical materials Purity (%) Supplier
Glycerol 99.5 Ajax chemical
tert-butyl alcohol 99.5 Ajax chemical

Table 2 Physical properties of Amberlyst-15 catalyst

Supplier Chemika Fluka
Ton Exchangr Capacity (meqH /kg) 5.0
Surface Area (m”/g) 900
Pore Dimeter (nm) 1000
Pore Volume (cm’/g) 1.82

2.2 Batch reactor apparatus and experimental procedure

Kinetic study of the etherification of glycerol and tert-butyl alcohol used
Amberlyst-15 as a catalyst was carried out in an autoclave reactor as shown in Figure
9. Autoclave reactor was maintained at a constant temperature by heating jacket with
temperature controller around the reactor chambers. For both thermodynamic and
kinetic study; 16 ml of glycerol, 83 ml of zert-butyl alcohol and 1.025 g of catalysts
(A-15) were added into the reactor together at room temperature. The solution was
pressurized by N2 gas to 5 bar to prevent vaporization of liquid solutions and heated
to the desired reaction temperature. Liquid samples (0.5 cm’) were taken for analysis
at 0, 30, 60, 90, 120, 180, 240, 300, 360, 420, 480 mins. Firstly, the effect of reaction
time and stirred speed on equilibrium reaction were investigated to maintain the
equilibrium reaction. Finally, the reaction time were set at 480 minute and stirred at
about 600 rpm for all reaction to investigate equilibrium reaction and determine the

kinetic parameters.



Figure 10 Schematic diagram of the autoclave reactor.

2.3 Sample analysis
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The analysis was carried out using gas chromatography (GC). The

operating condition of the GC is shown in table 3. A 0.025 microliter of sample was

injected into the GC column and the raw data of chromatograms were modified by

using calibration curve and were calculated in mole change with time of any

components.

Table 3 Operating conditions of gas chromatography

Gas chromatography Shimadzu GC14B

Operating conditions

Detector FID
Carrier gas Nitrogen (N»)
Carrier gas (bar) 30
Capillary column HP-INNOWAX
Length of column (m) 30
Injection temperature (C) 300
Column temperature (C) 40-240 (hold 5 min)
Heating rate (C/min) 10
Detector temperature (C) 150
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3 Reactive distillation study
Reactive distillation study is divided into 2 parts; reactive distillation
experiment in laboratory and reactive distillation simulation by Aspen Plus program.
The experiments were performed in a packed reactive distillation column as show in
Figure 10. The reactive distillation configuration was consisting of a four-neck round
bottom flask with a mantle heater stirrer served as a reboiler. The liquid solution in
the reboiler was continuously stirrer for homogeneity. The glass vacuum-insulated
column consisted of three distinct sections (1) non-reactive rectifying section (2)
catalytic reactive section and (3) non-reactive stripping section. The column was
connected to the central opening of the four-neck round bottom flask and covered by
insulator. Amberlyst 15 ion exchange resin catalysts were packed in the stainless steel
mesh. Each pack contained about 1 g of catalyst. The catalyst packings were placed
inside the column in the reaction section to allow simultaneous reaction and
separation of products. Stainless steel mesh saddles (40 mesh) were used as packing
materials in the rectifying and the stripping section of the column. The reactants at
room temperature were continuously fed through tubes to reactive distillation column
and were controlled flow rate by peristaltic pump. Six thermocouples were connected
along the column height to measure the temperature profiles inside the column. Water
served coolant was circulated in the condenser located at the top of the column. The
reflux ratio was controlled by the solenoid valve with a multi-timer.
1.1 Experiment procedure of reactive distillation
3.1.1. Reactive distillation experiment in laboratory

1. The reactive distillation consist of 4 part; round bottom flask as
a reboiler, reactive distillation column, reflux section and condenser section were set
up as shown in Figure 11.

2. A mixture solution of ferz-butyl alcohol 596 ml and glycerol 96
ml (ratio 4:1) was placed inside the round bottom flask. The heater jacket was set as
80 kW to heated liquid solution in side round bottom flask.

3. When first drop of distillate appeared at the top, glycerol was
introduced to the highest part of the reaction section and tert-butyl alcohol was

introduced to the lowest part of the reaction section by using a peristaltic pump.
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4. Liquid from the reboiler was withdrawn by another peristaltic
pump while the distillate was controlled by the reflux ratio. Then, continuous
operation was started.

5. The liquid level in the reboiler was maintained by adjusting the
tip of the withdrawing pipe connected to the pump.

6. The experiment was conducted for about 12 hours. The
distillate and the residue were collected, weighed and analyzed.

3.1.2. Reactive distillation simulation by Aspen Plus program.

1. Set the data of standard condition into program including the
kinetic parameters of reaction and run program.

2. Vary input parameters to study the effect of operating
parameters on performance of reactive distillation (e.g. reflux ratio, location of feed

stage and reaction section, heat duty, and feed flow rate).
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Figure 11 The reactive distillation setup for lab scale.

31



CHAPTER 5

RESULTS AND DISCUSSION

The results and discussion are divided to three main sections: Equilibrium
thermodynamic analysis, kinetic study and reactive distillation study. The result from

both experiment and simulation were compare. Details are as follows.

1. Equilibrium thermodynamic analysis

This section was dedicated to equilibrium thermodynamic analysis of
etherification between glycerol and tert-butyl alcohol. The aim of the study in this
part is to analyze the equilibrium limitations by minimize Gibbs free energy method
and determine the equilibrium kinetic constant parameter. Firstly, because of the
missing thermodynamic properties (critical temperature (7), critical pressure (P.),
normal boiling point (73), heat of formation (/) and Gibbs free energy of formation
(Gy)) of ethers product (MTBG, DTBG and TTBG) in Aspen Plus database, the group
contribution methods were applied to calculate thermodynamic properties for their
ethers. Three types of group contribution methods; Joback’s method, Gani’s method
and Benson’s method were investigated. The type of group contribution method can
be divided in first order and second order. The basic level uses first order
contributions while the higher level uses a small set of second order groups having the
first order groups as building blocks. It should be noted that Joback’s method is the
first order group contribution method while Gani’s method is a combination of first
order and second order group contribution method. Then the subgroup from different
group contribution methods will be added to Aspen plus simulator to create the
thermodynamic data of unavailable component in Aspen Plus database. Finally, the
Gibbs free energy of their ethers product calculate from the best group contribution

were use to determine the equilibrium conversion and equilibrium composition.
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1.1 Estimation of normal boiling point

The boiling point of an element or a substance is the temperature at which
the vapor pressure of the liquid equals the environmental pressure surrounding the
liquid. Almost other thermo chemical properties are predictable from boiling point
and critical constants, so the precise forecast of boiling point is much needed. Many
research proposed a group contribution method that gives an approximate value of the
boiling point of aliphatic and aromatic hydrocarbons. The boiling point is estimated
with the sum of contributions of all structural groups found in the molecule. For this
study, Gani’s method and Joback’s method were used to estimate the normal boiling
point for all components. The values of normal boiling point of glycerol, zers-butyl
alcohol, isobutylene, ethanol, methanol, methyl zerz-butyl ether (MTBE) and ethyl
tert-butyl ether (ETBE) taken from Aspen Plus database were compared with the
calculated normal boiling point from Gani’s method and Joback’s method as
presented in Figure 12. The result showed that the predicted normal boiling points
from both Joback’s method and Gani’s method are in good agreement with the values
the aspen data base.

1.2 Estimation of critrical properties

Critical temperature (7;) and critical pressure (P.) are very important
properties in chemical engineering field because almost all other thermo chemical
properties are predictable from boiling point and critical constants with using
corresponding state theory. There are several methods to predict critical constants. For
calculation of critical properties in this study, Joback’s and Gani’s methods were
applied for ether products and other component. Figure 13 and 14 show the critical
temperature and critical pressure, respectively, of the components estimated by
difference group contribution method. The results were compared with properties
from the Aspen Plus database. However, no available data of glycerol ether products
are currently present to compare with the estimated value. Therefore, we estimated the
critical properties comparing to the available database of ether products i.e. MTBE
and ETBE including their reactant ie. methanol and ethanol, respectively. The
deviation between the estimated value from various group contribution methods and
the value from the database are summarized in Table 4. The results show that Gani’s

method is more slightly accurate than Joback’s method.
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Figure 12 Normal boiling temperatures the components in the system and related

reaction.
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Figure 14 Critical pressure the components in the system and related reaction.

Table 4 Percent error of critical temperature,

critical

35

pressure

and normal

boiling temperature for Joback’s and Gani’s method comparison with

database.
% Error
name Ty, (K) T. (K) P, (bar)
Joback Gani Joback Gani Joback Gani
MTBG - - - - - -
DTBG - - - - - -
TTBG - - - - - -
TBA 6.42 -2.16 -7.65 -19.54 11.70 6.22
1B 7.23 -1.36 8.28 -0.67 3.28 -1.28
Glycerol -2.91 -1.40 -8.90 -7.34 35.69 8.27
Ethanol -4.20 -6.51 -2.98 -5.05 -10.13 -14.07
Methanol -7.42 -17.09 -7.89 -16.35 -20.96 -24.34
ETBE 3.34 0.42 3.29 0.15 2.38 -0.34
MTBE 1.44 2.14 2.28 0.76 1.34 3.21




1.3 Estimation of heat of formation

Heat of formation is defined as the enthalpy change when one mole of a
compound is formed from the elements in their stable states. For calculation of heat of
formation in this study, Joback’s, Gani’s and Benson’s method were investigated. The
results from their group contribution method compared with properties from Aspen

Plus database for TBA, IB, glycerol, ethanol methanol, MTBE and ETBE as show in

Figure 15.
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Figure 15 Heat of formation of the components in the system and related reaction.
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TBA -8.97 0.05 1.32
1B -74.63 -20.13 -12.11
Glycerol -1.88 -0.74 0.02
Ethanol 1.20 0.28 1.39
Methanol 0.56 -7.10 0.71
ETBE -3.13 2.94 -3.08
MTBE 1.50 3.51 -3.06
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1.4 Estimation of Gibbs free energy

For calculation of Standard Gibbs free energy of formation, Joback’s
method, Gani’s method and Benson’s method were investigated. Standard Gibbs free
energy of formation is the most important property for RGibbs reactor which
minimizes Gibbs free energy of formation of each component in the studied system.
Higher order group contribution methods are expected to give more precise
predictions; therefore, the The results of Gibbs free energy of formation using first
order (Joback’s method), first-second order (Gani’s method), and second order
(Benson’s method) are illustrated in Table 6. Gani’s method show the lowest percent

error compare with other method.

Table 6 Gibbs free energy estimation for Joback’s, Benson’s and Gani’s method

compare with database.

Gt (k] mol™) %Error
Name

Joback | Benson Gani database Joback | Benson Gani
MTBG -370.18 | -369.64 | -388.19 - - - -
DTBG -301.84 | -318.50 | -356.33 - - - -

TTBG -233.50 | -269.07 | -269.59 - - - -

TBA -151.18 | -157.03 | -180.70 -177.60 -14.87 | -11.57 1.74
IB 62.09 96.90 59.41 58.08 6.90 66.84 2.29
Glycerol | -438.52 | -417.35| -446.67 -447.10 -1.92 -6.65 -0.09
Ethanol | -170.86 | -152.85| -173.21 -167.85 1.79 -8.93 3.19
Methanol | -179.28 | -191.14 | -181.44 -162.32 10.44 17.75 11.78
ETBE -102.52 | -103.43 | -110.93 -121.70 -15.76 | -15.01 -8.84
MTBE -110.94 | -103.78 | -107.10 -117.50 -5.58 | -11.67 -8.84

1.5 Equilibrium constant parameters determination

Equilibrium reaction of glycerol with tert-butyl alcohol was studied by
minimizing the Gibbs free energy using RGibbs reactor model in Aspen Plus
program. UNIFAC method was used for mixture property estimation. The effect of
temperature on etherification of glycerol with zert-butyl alcohol in term of glycerol

conversion was illustrated in Figure 16. The simulation results were compared with
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the experimental results from this study and from Klepacova et al. (2005). TBA was
fed in excess with a constant ratio of TBA to glycerol of 4:1. Only Gani’s group
contribution method showed a good agreement with the experimental results in term

of glycerol conversion. Glycerol conversion at equilibrium decreased with increasing

reaction temperature since overall reaction is exothermically.

100
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Conversion of glycerol (%)

40 = Benson's estimation
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® Experimented by Klepacova et al. (2005)
20 X Experimentin this study )

323 328 333 338 343 348 353 358 363 368
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Figure 16 The effect of reaction temperature on equilibrium conversion of glycerol

from simulation and experiment.

Furthermore, the Gani group contribution was used to predict product
distribution at equilibrium in operating temperature of 323 K to 368K. The product
distribution at operating temperature of 323 K from the simulation was compare with
the experimental result from Klepacova et al. (2005) as shown in Figure 17. The
simulation results also showed good agreement in term of product distribution.

However MTBG was obtained as a main product rather than DTBG and TTBG which

are more desirable products.
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Figure 17 Equilibrium comparison from simulation and experiment (5 bar,

Glycerol: TBA=1:4).

The reactions taking place in the direct etherification of Glycerol and zerz-

butyl alcohol can be summarized as follows

Glycerol + TBA % MTBG + H,O (5.1
-1
k
MTBG + TBA % DTBG + H,0 (5.2)
DTBG + TBA % TTBG + H,0 (5.3)

For the equilibrium kinetic constants were define as

K, = (5.4)

where i=forward reaction and -i=backward reaction
To determine the equilibrium parameters for K;, K> and K3 Gani’s group
contribution was added to Aspen Plus program. The model REquil in Aspen plus

program was calculated these reaction equilibrium constants from the components at
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equilibrium in term of activity. Equilibrium constants calculated from Aspen Plus

program was defined as

Ki — [j=product 4j (55)

[lj=reactant aj
where i= reaction number and j= component of product and reactant
The module of REquil reactor in Aspen Plus program was used to determine
equilibrium constant base on activity (abbreviated as K;,) at temperature 338, 348 and
358 K. The UNIFAC method was used for mixture property estimation. Figure 18
show Arrhenius’s plots for equilibrium constant base on activity estimated by Gani’s

group contribution and UNIFAC property.
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Figure 18 Arrhenius’s plots for K, K>, and K3, estimated by minimize Gibbs free

energy.

The equilibrium constant base on concentration was calculated by the

relation in equations 5.6-5.8.

a;, =YX (5.6)
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K. = [lj=product j _ [j=product ¥jXj
ia — -

[lj=reactant &;j [lj=reactant VX

Kia — [Hj:producth] [Hj:productx]] ch [H] productV]] (57)

[j=reactant¥jl UHlj=reactant Xj [j=reactant¥;

K.
then K, = la/[ nj=pmdwyj] (5.8)

Hj:reactantyj

where X, is mole fraction of species i in the liquid mixture and J; is the activity

coefficient, can be estimated by using UNIFAC method (see detail in Appendix F).
The equilibrium constant both activity and concentration of glycerol

etherification obtained from the Arrhenius’ plots are summarized in Table 7.

Table 7 Equilibrium constant of etherification between glycerol and fert-butyl alcohol

reaction Rate constant
I Kia = exp(-7.565+2112/7)
K= exp(-5.155+1523/T)
153 Ky, = exp(-11.71+2588/7)
K>e = exp(-10.31+1857/7)
13 K3, = exp(-15.09+2588/7)
Ks. = exp(-17.44+3315/T)

2 Kinetic study

2.1 The effect of external mass transfer

The effect of external mass transfer of catalyst (Amberlyst-15) was studied
by varying stirring speeds. Figure 19 shows the relationship between conversion of
glycerol at 8 h and the stirring speed between 200 and 700 rpm. It was found that the
conversion increased with increasing speed level and, finally, it leveled off at the
speed level of 600 rpm. This can be concluded that the effect of external mass transfer
could be negligible with stirring speed of 600 rpm. In the subsequent studies, the
speed of 600 rpm was used throughout the experiment.
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Figure 19 The effect of speed level on the glycerol conversion (Catalyst = A-15,

catalys weight = 1.025 g, TBA:G =4:1, T=338 K, P =5 bar and reaction
time = 8 h).

2.2 Development of mathematical models

The reactions taking place in the direct etherification of Glycerol and zerz-
butyl alcohol can be summarized as shown previously in Eq. 5.1-5.3. For the indirect
reaction, firstly ferz-butyl alcohol is dehydrated to isobutylene and water.

k
TBA ——— > IB+H,0 (5.9)

Isobutylene from dehydration reaction is further reacted with glycerol as follows

ks

Glycerol + 1B W MTBG (5.10)

MTBG + IB @fﬁ DTBG (5.11)

DTBG + IB % TTBG (5.12)
-7

The reverse reactions in Eq. 5.9 and the reaction in Eq. 5.10-5.12 were
neglected since the operating pressure in this study was set at 5 bar. Consequently,

only small amount of IB can be dissolved in the liquid solution. It was confirmed by
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our experimental results that the concentration of IB in liquid mixture was negligibly
small.

The results were fitting with two kinetic models; Langmuir-Hinshelwood
(LH) and Power Law model (PL) based on activities (a;) and concentration (c;)
(abbreviated as LH-A, PL-A for activity and PL-C for concentration), respectively.
The LH model is based on the following assumptions; all components adsorb on the
single site of the catalyst and the surface reaction is the rate determining step. To
development of mathematical models for etherification of glycerol shows in Eq. 5.1 to
Eq. 5.3, the consecutive reaction path way were used to describe the experimental
data.

The mathematical model of consecutive reaction scheme as show in Eq.

5.1-5.3 could be written in term of activity as

. =k 'aGaTBA—aMTBGawater/Kw] (5.13)
la 1a | (1+KwaQwater)? .
o=k _aMTBGaTBA_aDTBGawater/KZB] (5.14)
2a 2a (1+Kwaawater)? .
=k _aDTBGaTBA_aTTBGawater/K3a] (5.15)
3a 3a (1+Kwaawater)? .
[ aTBA
i = g |2 5.16
4a 4a L(1+Kwalwater)? ( )

where Z=0 for Power Law (PL) model and Z=1 for Langmuir-Hinshelwood (L-H)
model. k;,, are reaction rate constants of reaction j (j = 1-4) in model reaction base on
activity (a) or concentration (c¢). a; and x; are activity and concentration of species i,
respectively. Kj, is the equilibrium constant. K,. and K,, are water inhibition
parameters from in the concentration-based models, respectively. The mathematical
model in term of concentration could be calculated from Eq. 5.6.

By performing a material balance for a semi-batch reactor, the following

expressions are obtained.

- dTT(l:thBA _ dm(\;vtater =W(rim + om + T3m + Tam) (5.21)
dmg) 1 _dm dm dm

T T a T Y = Wt T+ 13m)(5:22)

dmMTBG — W(Tlm) (5'23)

dt
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d
G = W (1) (5.24)
d
G = W (T3m) (5.25)

where m; and W represent the number of mole of species i and the catalyst weight,
respectively. It is noted that the number of moles in the liquid phase at any time is
constant because IB can only slightly dissolved in the liquid phase. For dehydration of
TBA (Eq. 5.9), the kinetic parameter was shown below (Yang ef al.).

ksa= exp(15.451-10325/T) (5.26)
kse= exp(15.39-10270/T) (5.27)
Kya=exp(-36.456+7646/T) (5.28)
Kye=exp(-35.62+7530/T) (5.29)

*Note that ion-exchange capacity for A-15 = 4.4 [mol-H (kg dry resin)]

The minimizing root mean square deviation (RMSD) method was used to
estimate there kinetic parameter (k;, k2, k3 and K,) as show above. A MATLAB
program was employed to find the best-fitted kinetic parameters which minimize the

relative root mean square deviation (RMSD) values expressed by Eq. 5.30.

2
RMSD; = %\[ zgzl[w] (5.30)

Xiexp.k

where i and M represent the component and the number of experiment data point.

2.3 Kinetic parameter determination

A set of experiments was carried out at three temperature levels to
investigate the kinetic parameters. The mathematical models from the previous study
were used to determine the kinetic parameters. Firstly, the power law base on both
activity (a;) and concentration (¢;) were compare to find the best mathematic model
for etherification of glycerol with zert-butyl alcohol. Figures 20, 21 and 22 show
typical results of mole changes with time at 7= 348, 358 and 368 K. The solid lines in
the figures represent the simulation results from the PL-A model and the dash lines
represent the PL-C model. It was found that the simulation results for both PL-A and

PL-C kinetic model agree well with the experimental results.
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Figure 20 Mole change with time at 338 K(catalyst weight = 1.025 g, G:TBA =14, 5
bar). (solid lines: PL-A model, dashed lines: PL-C model)
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Figure 21 Mole changes with time at 348 K(catalyst weight = 1.025 g, G:TBA = 1:4,
5 bar). (solid lines: PL-A model, dashed lines: PL-C model)
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Figure 22 Mole change with time at 358 K(catalyst weight = 1.025 g, G:TBA=1:4, 5
bar). (solid lines: PL-A model, dashed lines: PL-C model)

Furthermore, the LH model was considered to find the best kinetic model
for this reaction. From the previous study, both of PL-A and PL-C were showed a
good performance to descript the glycerol etherification reaction. However, the model
base on activities was used instead of the model base on concentrations to account for
the non-ideal behavior of liquid phase reaction system. The activity of i th component
was calculated by using the equation as show in Eq. 5.21. Figures 23, 24 and 25 show
the experimental results of mole profile compare with the simulation result from LH-
A kinetic model of each component in the glycerol etherification with zerz-butyl
alcohol at 338, 348 and 358 K. It was found that the experimental results agree well
with the simulation results of LH kinetic models for activity base model. As shown in
Figure 26 summarizing the average RMSD values with different models, the LH-A

model can describe the rate of glycerol etherification better than both PL model.
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Figure 23 Mole change with time at 338 K(catalyst weight = 1.025 g, G:TBA =14, 5

bar and 7= 338 C), (symbols: experiment results, solid lines: LH-A model).
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Figure 24 Mole change with time at 348 K(catalyst weight = 1.025 g, G:TBA =1:4, 5

bar and 7'= 338 C), (symbols: experiment results, solid lines: LH-A model).
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Figure 25 Mole change with time at 358 K(catalyst weight = 1.025 g, G:TBA =14, 5
bar and 7= 338 C), (symbols: experiment results, solid lines: LH-A model).
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Figure 26 average RMSD values of PL and LH kinetic model for both activity and

concentration in each temperature
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The temperature dependent rate constants were determined by plotting the
relationships according to the Arrhenius’equation for both PL-C and PL-A kinetic model
(Figure 27) and for LH-A model (Figure 28). The sorption equilibrium constant of H,O as
a function of temperature can be determined by Van’t Hoff plot (Figure 28). It was
found that the value of sorption equilibrium of H,O decreased with the increase of
temperature. This is a conventional behavior observed in most adsorption processes.
The temperature dependent rate constant and the chemical equilibrium constant of
both models can be expressed by the Arrhenieus’s equation (Eq. 5.33). The sorption
equilibrium constant and values of the adsorption enthalpies and adsorption entropies
of H,O for LH-A kinetic model can be expressed by the Van’t Hoff equation (Eq.
5.34).The expressions of the rate constants, activation energy and sorption

equilibrium constants for are summarized in Table 10 and Table 11.

ky = Agexp |22 (5.33)

Kua = exp |57 = exp [ - 7]

(5.34)
where E, is the activation energy (kJ/mole), AH is the standard enthalpy change of the

reaction, AS is standard entropy change of the reaction and R is the gas constant.
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Figure 27 Arrhenius’s plots for PL-A (dashed lines) and PL-C (solid lines)
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Figure 28 Arrhenius’s (solid line) and Van’t Hoff plots (dashed line) of LH-A model.

Table 8 Reaction rate constants and activation energy

Model rate constant (kg mol s'l) activation energy, Ea (kJ mole'l)
PL-C ki =exp(26.299-10006/T) 81.77
ky =exp(26.437-10468/T) 88.09
ks =exp(5.0194-3952/7) 32.85
PI-A ki =exp(30.499-9988/7) 83.04
ky =exp(30.629-10425/T) 86.67
K3 =exp(7.0013-3704/T) 30.79
LH-A | ki =exp(31.872-8690/7) 82.15
ky =exp(32.659-10624/T) 88.33
ks =exp(7.6561-4189/7) 34.83




Table 9 Sorption equilibrium constant and values of the adsorption enthalpies and

adsorption entropies of H,O for LH-A kinetic model

Model Sorption equilibrium constant

LH-A Kw = exp(-21.51+8806/T)

adsorption enthalpies AH (kJ mol™)

LH-A -73.21

adsorption entrolpies AS (J mol’ K™)

LH-A -178.78
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3. Reactive distillation: Experiment and simulation

Both experiment and simulation by using Aspen plus program were carried
out to investigate the ethers synthesis from glycerol and fert-butyl alcohol in the
reactive distillation. Various operating parameters; i.e. reflux ratio, location of feed
stage and reaction section, catalyst weight and heat duty were investigated. The rate
expressions obtained from the previous study were important input data for the
program. The performance of reactive distillation at standard operating condition was
described and then the influence of each operating parameter was discussed.

3.1 Performance of reactive distillation at standard condition

Simulation of the etherification of glycerol and ters-butyl alcohol in a
Reactive Distillation (RD) is carried out using the Aspen Engineering suit. The
RADFRAC model, which a rigorous equilibrium-stage distillation model to describe a
multistage vapor-liquid separation in the distillation column in Aspen Plus simulation
package is use to simulation etherification of glycerol and fert-butyl alcohol. The
property option was set UNIFAC. A typical configuration of reactive distillation
column used in the simulation studies is shown in Figure 29. The column contains a
total of 20 stage counted down from the top (includes condenser and reboiler as
respectively shown as stage 1 and 20). The reactive distillation column is divided into
three sections: 6 stages of rectifying section, 6 stages of reaction section and 6 stages
of stripping section. The chemical reactions are assumed to occur in the liquid phase
in the reaction section represented by 6 reactive stages (stage 8-13). It is noted hear
that such a column configuration is determined as a preliminary simulation study.
However, it can be adjust to meet optimal performance of the RD column. Table 10
summarizes the column parameters and feed conditions under the standard operation.
The simulation input to Aspen Plus was mainly based on experimental operating
condition. However, there laboratory scale values are too small for Aspen Plus
program, which was suitable for industrial scale simulation. Then, the flowrate and

the weight of catalyst were multiplied by one thousand.
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Figure 29 The configuration of standard model Reactive distillation column.

Table 10 Feed conditions and specification of Reactive Distillation column under the

standard condition for Aspen Plus simulator

Condition of feed Column specification
Temperature (K) 298 Rectifying stage 6
Feed flow rate (Liter/min) Reaction stage 6

glycerol 2 Stripping stage 6

tert-butyl alcohol 8 Heat duty(kW) 80
Pressure (bar) 1 Catalyst weight (kg) 2
Feed stage Reflux ratio 2

glycerol 8

tert-butyl alcohol 13
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The conversion of glycerol and selectivity defined below are considered to compare

the performance of the reactive distillation.

difference in molar flowrate of inlet and outlet of glycerol

x 100

Conversion of glycerol =
gl feed molar flowrate of glycerol

molar flowrate of DTBG and TTBG
difference in molar flowrate of inlet and outlet of glycerol

100

Selectivity =

The simulation with Aspen Plus program was carried out at the standard
operating condition (shown in Table 12) in reactive distillation at standard model (as
show in Figure 29). From simulation results, the distillate product consists of main
composition of TBA (62 mole%), water (36 mole%) and small amount of IB (2
mole%) while the bottom product consists of the main composition of TBA (59
mole%), glycerol (13 mole%), MTBG (17 mole%), and water (13 mole%). Figures 30
show the typical composition profile and temperature profile in the reactive

distillation with the standard configuration.
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Figure 30 Mole fraction and temperature profile inside the column at standard

operating condition.
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3.2 Effect of design variables
As stated earlier, the specification of RD give in Table 12 is a preliminary

configuration. To find optimal design variables for operation of the RD, simulation
are carried out to study the effect of these variable on the RD performance. The
important design variables considered here include the number of rectifying, reaction
and stage.

3.2.1 Number of stripping stage

Firstly, the impact of a number of the stripping stages on the
performance of reactive distillation is investigated. With the specified number of the
rectifying stages (= 6 stages) as in the standard condition, the number of the stripping
stages are varied from 1 to 9 and the results are presented in Figure 31. When the
number of stages in the stripping section is increased (with fix heat duty of reboiler),
more glycerol unreacted cannot separated from the bottom product stream and doesn’t
returned to the reactive section. This results in a decrease in the conversion of
glycerol and selectivity of ethers product. Figure 31 also show the influence of the
number of stages in the reactive section. It can be seen that the performance of the
reactive distillation increased with the increase of the number of reactive stages. This
is expected as more reactive stages pronounce the etherification of glycerol and ters-
butyl alcohol. According to the simulation results, the suitable number of stages in the
reaction and stripping section is 1 and 6 stages, respectively.

3.2.2 Number of rectifying stage

The purposes of a rectifying section are to remove light component
from the reaction zone and to recycle the unreacted reactants back to the reaction
section in the RD column. The effect of the number of the rectifying stages on the
conversion of glycerol and selectivity is shown in Figure 32. It is found that even
though the glycerol conversion and selectivity increase when increase the number of
rectifying stage. This can be explained by the fact that with increase the number of
rectifying stage, water and IB, the light component, is more remove from the reaction
section. This causes the equilibrium of reaction shifting in the forward reaction and

thus, the conversion of glycerol becomes higher.
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Figure 31 Effect of the number of stripping stages on the conversion and selectivity

for various reaction stages (rectifying stages = 6).
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Figure 32 Effect of the number of rectifying stages on the conversion and selectivity
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For the reaction section within the RD column, the function is to
provide a location where the reactions occur. According to Figure 31-32, it is noted
that all other design and operating variables such as number of rectifying and
stripping stages, reflux ratio, reboiler duty and feed condition are kept at the values of
the standard condition. The glycerol feed is still introduced in the top of reaction
section and TBA feed in the bottom of reaction section. The performance of the
reactive distillation increased with the increase of the number of reactive stages (3-6
stages and fixed the total catalyst load). This is expected as, when increases the height
of the column, the products generated by the reaction are too great to be separated
from the system; chemical equilibrium will force reaction in the wrong direction.
According to the simulation results, the suitable number of stages in the reaction is 6
stages, respectively.

At this stage, the optimal design for reactive distillation is 6 rectifying,
6 reaction and 1 stripping stage. It should be note that the location of glycerol feed
stream is still fixed at the top of tray for reaction section and TBA feed is still fixed at
the bottom of reaction section. This suitable configuration will be further used in
order to examine the effect of operating variable: reflux ratio, feed stage location heat
duty of reboiler and feed flow rate of glycerol and TBA stream. An experiment was
carried out at the standard operating condition and the modified configuration (6
rectifying, 6 reaction and 1 stripping stage). An experiment was carried out at the
standard condition show in Table 11. The concentration profile of residue from the
experiment compare with the simulation was show in Figure 33. Figure 34 show
liquid mole fraction at any stage in reactive distillation and the temperature profile
from the simulation comparison with the experiment. The dashed lines showed the
simulation results from the program and the symbols represent the data from
experiment. From experimental results, it took around 12 hours to achieve the steady
state condition. In the bottom stream, the concentration of glycerol, TBA and MTBG
were 1.13 (0.99), 7.10 (6.94) and 2.4 (2.77), respectively. The values in the

parenthesis are those from the simulation.
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3.3 Effect of operating parameters
Aspen Plus program was employed as a main tool to simulate the
performance of reactive distillation at various operating parameters. The effects of the
reflux ratio, location of feed stage and reaction section, heat duty and feed flowrate
were investigated. Due to limitation of the equipment, only some experiments were
performed and their results were provided for the main purpose of validation of the
simulation results.
3.2.1 Effect of reflux ratio
Figure 35 shows the effect of reflux ratio on the performance of the
reactive distillation. The ratio was varied between 1 and 20 while the other operating
parameters remained the same as the standard condition. It was found that when the
reflux ratio is increased from 1 to 20. The conversion of glycerol and selectivity are
optimum when used the reflux ratio at 2. This because the increase of reflux ratio
increases the concentration of water and IB in reaction section then the equilibrium
cannot shift forward. However, it should be note that some extents of the reflux IB
can react with water (reverse reaction) generating more TBA. This is a probably a

reason for a slight decrease of glycerol conversion at height reflux ratio.
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Figure 35 Effect of reflux ratio on reactive distillation performance.
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3.2.2 Effect of heat duty

Figure 36 shows the effect of heat duty on the performance of reactive
distillation. The heat duty show more significant effect on the conversion of glycerol
within the range of study (65-230 W). As the heat duty increases, more glycerol can
travel up in to the reactive section and then reacted with TBA. At highest heat duty,
the column is operated at higher vapor-liquid load and temperature. When the reflux
ratio is kept unchanged, more reactant especially TBA is lost from the column as the
distillate, leading to the decrease of the conversion and selectivity of glycerol. The
change in the conversion is mainly governed by the temperature and the liquid

concentration in the reaction section which are influenced by the change of heat duty.
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Figure 36 Effect of heat duty on reactive distillation performance.

3.2.3 Effect of feed stage location

Since the location of the feed can be adjusted to make the best
separation and the most favorable reaction condition, simulation are performed to
investigate the effect of the feed location of glycerol stream and TBA stream. Figure
37 and 38 show the effect of feed location of glycerol stream and TBA stream on the
performance of reactive distillation. It was found that feeding glycerol at the top of

the reaction section and TBA at the bottom section gives the best reactive distillation
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performance in terms of the glycerol conversion and selectivity. This may be caused
of the height normal boiling point reactant can be reacted with the lower normal
boiling point component and decreased residence time of the reactants as the location
of feed is far away from the reaction section.

3.2.4 Effect of feed flow rate

Figure 39 and 40 show the effect of glycerol and TBA feed flow rate
on reactive distillation performance. The conversion of glycerol and selectivity were
decrease when increase reactant feed flow rate of TBA stream. It was found that,
height feed flow rate of glycerol and TBA cause reduce the reaction time in reaction

section and glycerol will travel down to the bottom part of the column without being

reacted.
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Figure 37 Effect of glycerol feed stage location on glycerol conversion for various

TBA feed stage location.
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Figure 38 Effect of glycerol feed stage location on glycerol conversion for various

TBA feed stage location.
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Figure 39 Effect of TBA feed flow rate on glycerol conversion for various glycerol

feed flow rate.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

This chapter contained the result conclusion of group contribution method.

The optimum operating condition such as temperature and ethanol volume will be

concluded.

1. Thermodynamic study

Among there group contribution methods i.e. Joback, Benson and Gani
group contribution method, Gani’s group contribution method estimated the nearest
Gibbs free energy comparing to available database. The estimated equilibrium
conversion and product distribution at reaction temperature in a range of 338, 348 and
358 K showed good agreement with that obtained by experimental results from this
study and reported in the literature. So, the recommendation for estimate standard
Gibb’s free energy for tert-butyl of glycerol was Gani’s method. Gani’s method can
be used to determine the equilibrium kinetic constant for ethers production from

glycerol and fert-butyl alcohol. The equilibrium kinetic constant

2. Kinetic study

Form kinetics study of glycerol etherification with zert-butyl alcohol in the
semi-batch reactor at 5 bar. Three temperature levels of 338, 348, and 358 K were
used in the study to obtain the parameters in the Arrhenius’s equation of the reaction
rate constant and the Van’t Hoff equation of water sorption equilibrium. The reactor
was operated at the maximum agitation speed (600 rpm) to avoid the external mass
transfer. The experimental results were fitted with two kinetics models on both

Activity and concentration base model of Langmuir-Hinshelwood (LH) and Power-

64
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Law (PL). The Gani’s group contribution method was used to estimate the
equilibrium kinetic constant for all etherification reaction. The consecutive reaction
schemes of PL and LH models were compared through the values of RMSD. The
experimental results agree well with the simulation results for both PL and LH kinetic
model. However, the LH-A model which takes into account the effect of water

adsorption is the best kinetic model to fit the experimental results.

3. Reactive distillation study

The liquid phase synthesis of zert-butyl ether of glycerol from glycerol and
TBA in reactive distillation column has been studied in this thesis. The simulation of
this process using a rate-based kinetic expression and an equilibrium stage model are
performed via Aspen Plus program. The influences of design variables on the
performance of the reactive distillation are investigated. Various operating
parameters; i.e. reflux ratio, location of feed stage of glycerol and TBA streams, heat
duty and feed flow rate were investigated. The suitable reactive distillation
configuration consists of 7 rectifying stage, 6 reaction stages and 1 stripping stage.
The simulation results agree well with the experimental results. For the effect of
operating parameter, feed flow rate and reflux ratio have significant effect on the
performance of reactive distillation. From this study, when the feed flow rate and

reflux ratio are increased, the selectivity and conversion was decrease.

4 Recommendations

As seen from the simulation studies using the Aspen Plus program; the
equilibrium conversion for Gani group contribution does not perfect to explain the
conversion from the experiment. Furthermore, the addition of a modified group
contribution or subprogram to estimate should be alternative route to increase the
performance of estimated equilibrium. From reactive distillation study, the complete
conversion of glycerol to ethers product could not be obtained. To improve the ethers
production it is recommended as follows:

1. A membrane should be combined inside the reactive distillation

column to help the remove of water from reaction section.



66

2. Another reactive distillation column should be included in the process
to further react glycerol to from ethers product.
3. Used reactor combine with membrane to remove water outside the

system.
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X, glycerol

NOMENCLATURE

acticvity of component i

concentration of component i

activation energy

Gibbs free energy

standard enthalpy change of the reaction
kinetic constant based on activity

kinetic constant based on concentration
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]
mol L]

Jmol™]

kJs']

kJs']

mol (s mol-H")™]
mol (s mol-H")™]

chemical equilibrium constant ]
sortion equilibrium constant ]

liquid distillate flow rate mols™]
liquid flow rate returing from stage 1 to stage 2 mols™]
mole of species [ mol]
number of components ]
molecular weight of species i kg mol™]
number of mole of species i in the reactor mol]
critical pressure bar]
ion-exchange capacity (= 5.0) [meq-H" kg-cat.™]
reboiler duty [W]

reaction rate

residue flow rate

gas constant (=8.314)

operating temperature

normal boiling point

critical temperature

Relative Root Mean Square Deviation
catalyst weight

conversion of TAA
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[
[
[
[
[
[-
[
[-

mole (s meq -H')’

mol s” ]
Jmol' K]
K]
K]
K]
]
kg]
]



Greeks letters

% activity coefficients of species i
Subscripts

a activity

Exp experimental result

i species i

j reaction step

X mole fraction

Sim simulation result

z order of reaction
Abbreviations

CO carbon monoxide

DME dimethyl ether

DEE diethyl ether

DTBG di tert-butyl of glycerol
ETBE ethyl tertiary butyl ether
EtOH ethyl alcohol

G glycerol

H,O water

1B isobutylene

KHSO4 potassium hydrogen sulfate
LH Langmuir-Hinshelwood
MeOH methanol

MTBE methyl fert-butyl ether
MTBG mrthyl zert-butyl of glycerol
NOy oxides of nitrogen

PL Power Law

TBA tert-butyl alcohol

TTBG tri tert-butyl of glycerol
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The functional groups of components in olefins are listed below with the

number of subgroup in each component. Joback’s group contribution method will be

used to estimate the property of olefin components. This method can be used to

estimate critical properties such as critical temperature and critical pressure or normal

boiling point or estimated the thermodynamic properties such as Gibbs of formation.

Table 11 Joback’s subgroup.

component | formula Number of subgroup
CH; |[CH, |[CH| C |OH | O | =CH, | =C-
MTBG | C;HiO5 | 3 2 1 1] 2 |1 0 0
DTBG | C;jHuO; | 6 2 1L (21 |2 0 0
TTBG | CsH3;05 | 9 2 1|3 3 0 0
TBA C4H,,0 3 0 0 |1 1 [0 0 0
IB C4Hg 2 0 0|0 0O 1 1
Glycerol | C;Hs0; 0 2 1 0] 3]0 0 0
Ethanol C,HsO 1 1 0|0 1 |0 0 0
Methanol CH,O 1 0 0|0 1 |0 0 0
ETBE Ce¢H140 4 1 O | 1] 0|1 0 0
MTBE CsH;,0 4 0 O | 1] 0|1 0 0

Equation to estimated properties by Joback group contribution method
T.(K) = T,[0.5084 + 0.965{}; N), (tck)} — {2 Ni(tck)}*] ™t
P.(bar) = [0.113 + 0.0032N,tom — 2k Nk (pck)] 2
T, (K) = 198 + )i Ny (tbk)

G2(kJ mol™) = 53.88 + X, Ny (gfk)



Table 12 Joback constant for any subgroup
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. Joback's subgroup
variable
CH3 CH2 CH C OH 0] =CH2 =C-
tbk 23.58 | 22.88 | 21.74 18.25 92.88 2242 18.18 | 24.14
tck 0.0141 | 0.0189 | 0.0164 | 0.0067 | 0.0741 | 0.0168 | 0.0113 | 0.0117
pck -0.0012 0| 0.002] 0.0043 | 0.0112 | 0.0015| -0.0028 | 0.0011
gk -43.96 842 | 58.36 | 116.02 -189.2 -105 3.77 | 92.36
hfk -76.45 | -20.64 | 29.89 82.23 | -208.04 | -132.22 -9.63 | 83.99
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GANTI’S GROUP CONTRIBUTION METHOD

The functional groups of components in this study are listed below with the
number of subgroup in each component. Gani’s group contribution method will be
used to estimate the property of all components in this. This method can be used to
estimate critical properties such as critical temperature and critical pressure or normal

boiling point or estimated the thermodynamic properties such as Gibbs of formation.

Table 13 Gani’s 1st order subgroup

Number of 1% order subgroup (V)
name
CH; |CH, |CH | C | CH,O | OH | CH-O | CH,=C | CH;0H | CH;0

MTBG 3 1 1|1 1 2 0 0 0 0
DTBG 6 0|02 2 1 0 0 0 0
TTBG 9 01013 2 0 1 0 0 0
TBA 3 0 0|1 0 1 0 0 0 0
IB 2 0|00 O 0 0 1 0 0
Glycerol | 0 2 1110 O 3 0 0 0 0
Ethanol 1 1 100 O 1 0 0 0 0
Methanol | 1 0100 O 1 0 0 0 0
ETBE 4 0 |01 1 0 0 0 0 0
MTBE 3 0 0|1 0 0 0 0 0 0




Table 14 Gani’s 2nd order subgroup

Number of 2™ order subgroup (V)
name (CH;)3C | CHOH | COH CHn(OMEOTD CHCHn =CHy
m,n (0,2) m,n (0,2)

MTBG 1 0 0 1 0
DTBG 2 1 0 0 0
TTBG 3 0 0 0 0
TBA 1 0 1 0 0
IB 0 0 0 0 2
Glycerol 0 0 0 2 0
Methanol 0 0 0 0
ETBE 1 0 0 0 0
MTBE 1 0 0 0 0

Equation to estimated properties by Gani group contribution method

F = f[Xx Ni (Fip) + W X M; (sz)]

Typ(K) = 204.3591n [¥, N, (th1k) + W X; M;(th2))]
T.(K) = 181.128In [¥; Ny, (tclk) + W X, M; (tc2))]
P.(bar) = [Xx Ni(pclk) + X; M; (pc2j) + 0.10022]72 + 1.3705
G (k] mol™!) = —14.83 + [Xx N (gf1k) + W X; M; (gf2))]
for this study M;=0 then

F = f[Xk Ny (Fyi)]
Ty (K) = 204.3591n [3, Ny (th1K)]
T.(K) = 181.128In [¥, N, (tc1k)]
P.(bar) = [Y} Ny (pclk) + 0.10022]2 + 1.3705
GP (k] mol™!) = —14.83 + [Xx Ny (gf1k)]
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BENSON’S GROUP CONTRIBUTION METHOD

The functional groups of components in this study are listed below with the
number of subgroup in each component. Benson’s group contribution method is used
to estimate the property of all components in this study. This method will be used to

estimate thermodynamic properties and Gibbs of formation.

Equation to estimated properties by Benson group contribution method
AHg50815x) = Lk Nie(AHg,)
Sfo(298.15K) = 2k Ni (S +59) + 59
Sel298.15K) = Le Ve(SS)
AGfo(298.151<) = AI'Ifo(zcas.151<) - 298'15[5;%298.151() - 531(298.151()]
The sample entropy, S; is independent of 7 and given by

SSO = RIn(Ny;) — RIn(Nys)



Table 15 Benson’s subgroup

Number order subgroup (Vi)

name CH;-(C) | CHy-( C)(O) | CH-2C)(0) | C-(3C)©0) | OH«(C) | 0-2C) | =CH2(C) | =C(3C) | CH3-(0)
MTBG 3 2 1 1 2 1 0 0 0
DTBG 6 2 1 2 1 2 0 0 0
TTBG 9 2 1 3 0 3 0 0 0
TBA 3 0 0 1 1 0 0 0 0
IB 2 0 0 0 0 0 1 1 0
Glycerol 0 2 1 0 3 0 0 0 0
Ethanol 1 1 0 0 1 0 0 0 0
Methanol 1 0 0 0 1 0 0 0 0
ETBE 4 1 0 1 0 1 0 0 0
MTBE 3 0 0 1 0 1 0 0 1
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Table 16 AHg, and S} constant for Benson’s method calculation
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) Benson’s subgroup
Variable
CH;-(C) | CH,-(C)(0) | CH-2C)(0) | C-(3C)0) | OH-(C) | 0-2C) | =CH2(C) | =C(3C) | CH3-(0)
AHfok -42.19 -33.91 -30.14 -27.63 -158.56 -97.11 26.2 43.28 -42.19
S,? 127.29 41.02 -46.04 -140.48 121.68 36.33 0 0 127.29
Table 17 N, ,S.,N,; and N, constant for Benson’s method calculation
Ne SC
name formular C o 0 C o 0 Noi Nis
MTBG C;H;605 7 16 3 6 75 |102.5 2 3
DTBG C11H2405 11 24 3 6 75 |102.5 1 9
TTBG Ci5H3,05 15 32 3 6 75 |102.5 1 27
TBA C4H;0O 4 10 1 6 75 |102.5 1 3
IB C4Hg 4 8 0 6 75 |102.5 1 2
Glycerol C;H303 3 8 3 6 75 |102.5 1 1
Ethanol C,H¢O 2 6 1 6 75 |102.5 1 1
Methanol CH4O 1 4 1 6 75 |102.5 1 1
ETBE CeH140 6 14 1 6 75 |102.5 1 3
MTBE CsH;,O 5 12 1 6 75 |102.5 1 3
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ASPENPLUS PROGRAM

This chapter will be described the Simulation procedure for study of the
etherification reaction of reactive glycerol with tert-butyl alcohol using the Gibbs
reactor. It is explained the step detail for added the components that not exist in data
bank in Aspen plus program. The detail as follow

1. Start Aspen Plus program by click Start and then select Programs.
Select Aspen Tech | Aspen Engineering Suite | Aspen Plus 2006.5 | Aspen Plus User
Interface. The Aspen Plus Startup dialog box appears. Aspen Plus displays a dialog
box whenever you must enter information or make a selection before proceeding. In

this simulation, use an Aspen Plus template.

Aspen Plus Startup
i~ Create a Mew Smulation Llsing

J'_ILL[J ™ Blank Simulation

5] - e

é " Dpen an Existing Sirudation

More Fies...

D:\File run AspenZ006 5A2008a1_kome\rgbb_madel bkp
C:ADocuments and Seltings Al Lisers\apphcation D ata'dsper
CADocuments and Settings\&ll Llsers\Apphcation Data’\Asper
CADocumsnts and S eltings\All Lsess\Apphcation D ata'\dsper

< | »

ok, | Esit | Help

Figure 41 Aspen Plus startup

2. Select Template and click OK to apply this option.

3. Select the General with Metric Units template and Click OK to apply
these options.

4. From the Model Library, select the Reactor tab and select Rgibbs

model.
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Figure 42 Aspen Plus program

5. Create one input stream name FEED and one product streams name

PRODUCT.

Fl!Edtka l.tr.-rmmm
DiSE SR nin| W) id-rislwsl e wf G 0w =] 35
alalm| =lsim
Pl ealon =] wla]nl=] [y ol f'*_.

B

:\!

Mooi/Spiters | Sepaaiors | HeatExchangers | Colmns  Reactons | anum'llr

..,...,,@ 6-8-0 @mﬁ },

STREAMS REqui FIEHFI ABalch
JEik, . penTechlAspen Phs 20065 | hmudmlrr_mm _;-

Figure 43 Rgibbs flowsheet in Aspen Plus program
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6. Press F8 to open the Data Browser.

7. Go to the Components | Specifications | Selection sheet. In the
Component ID field, type WATER and press Enter on the keyboard. Do the same
thing by adding component Glycerol, MTBG, DTBG and TTBG.

Cumpanents - Data Diinnt e
EEc b 3 S = e s 11T 0 |

D Fesdeun | Howemesond | o Dasass|
e et
Serbastins Dithie compor e

s e | Cerponss it | Twe | Cosmred rass | Fomsls

LghtFrel Pragmy E
Pkt Pharaches ReRTZR [Covenvions WWAILH K

.
e i TR ey U L e
ez il el i T i
ey Cirws
Sl Codegn |
LIPS G | |1‘-F.| T irvest fawa

Oy Cwwelangs || ¥
{ﬂ Cemplits

_ail ni Livrsrmenra |

LUl ek -
i
b

Peimhastir gy Fred | Ewswiss | UowDained| Poctw | Foiew |

. — Q,msm. rmﬁ lnunuulﬂl-dum;mﬂmbinnfmiuﬁ
Figure 44 component data browser

8. For the component tert-butyl alcohol, click icon Find. Enter “tert” in

component name and formula area and press Enter.

Fimd

Herm o Fomds | sl |

Comnpareant raime & #oimdd - F:
o Mgch dareis nae 4i
™ Mach only corgonants begrmng with h #ang Hl-h-t—.ju-d
Dotk |
~Dokle £ick on componant o sdd 2t
name | shemgte ngme [ Biadatars, 1)
LML THYL-FRITLAE [FE TERTOUTYLLTI. PUREZD |

YA THIME THYL TEUTENE LIHIEE THE THYLT-TERT PURE

TERT BUTY HENZERE LU DEMNZEME. U101 PUSEZD
PTERTEUTHLETSYLOEN . CiiHiB04 BEMZENE 1-TER_  PUBEX)
LADITEAT BUTYLEEMGENE  CMHIZDD PLITERTELTYL  FUREX
P-TERTSUTFLSTYRENE CUHIED] LTIRTEUTHLST . PUREXD
TSOMETHLSEUTANCIE  COHT0EY  RETHLTEATE.  PUREXD
CAH1004 TERTAUTYLALL  PUREZD
?TET-ﬁ'l-P-BUTﬂ-III. CEH104 TERTAML AT PIREZ)  [w
€ ; 3

|

Bearches found 1 47

Figure 45 Find components in Aspen Plus program
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9. Click on component name “TERT-BUTYL-ALCOHOL” and clock

icon ADD. Do same way to find component isobutylene.

10. Go to the Properties | Specifications | Global sheet and select the
UNIFAC model in the Base method field.

SGlobal | Flowthest Sechiont | Refsrenced |

Propesty methods & models Prooerty method:

Frocess boe =] | [UMIFAC E _J

Bate mathod m [~ MWodiy property models

Henry componants: lﬁ
Pebioleum calculation oplions
Freewater mathod |51 v-]
wWaler bty 1 =

Electrolpbe caiculation cplion:
Chermstiy 1D -

-
W Usi bue-components ;

AL

JHIFAL with Redich-Kwong aquation of state and Hang's law,

Figure 46 Property method and model

11. Go to the Properties | Estimation | Setup and select Estimate all

missing parameters in Estimation options field.
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Figure 47 Estimation field in Aspen Plus program

12. Go to the Properties | Estimation | Pure component and select

parameter to estimate in parameter field.

# M) Setup | et Nnﬂwl T-Dependert | | UKIFAC Group |
+ [ Comporsents
= [ Propertes Pavameter =
& Speciications i
¥ (3] Propesty Mathods Eamponarts anl y 1o
= _m Eslmal ion /P
&G o s :I
@ Compare Fa
[] Resuts L DHFORM
O compars Rests L DGFORM
# 07 Moleculer Structurs b OMEGA
¥ Poramebers f PARC
] Data L DHSFRM
27 Ansipes L DGSFRM
3 Proesets
£ Advanced
T CAPE-OPEN Packages
i [ Fiowshest
®- g Streams
W G Hods
[ Umbtias
W [ Reactons
§ -
& E CHu:mnrqeu!!tn:mm” e
% [T] Moded Analyss Took
¢ [ B0 Configuration il

Figure 48 Selection parameter to estimate

13. Choose the properties that want to estimate and select group

contribution method to estimate.
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/Setp wPure Component| T-Dependent | =2y | UNIFAC Growp |
Parameter: IJ TB 3
Components and estimation methods -
Component Method
p | DTEG l]
* JOBACK |
JOGATATS |
GANI
MANI

Figure 49 Select method to estimate properties

14. Go to the Properties | Molecular Structure | DTBG | General and click
on Structure tab to imports molecular structure (.mol file). Click on Import Structure

and brows to find structure file.

| D180 _Jﬁi o &5 «ila =12 Dies] 9] b 712X

% ﬂ St Genordl | W Funcional Giowo | Fomuda  Structure |
# [ Components
= S Propertes Graphical Sinacthue
&) Spechications

= (3] Property Mathods

= [ Estmmation
@ irous Imgacet Struchuee
@) Compare

0O resis
O Compare Resuts
= _i] Moleculsr Structure

& DTBG
GLYCERCL
150802
HIBG
TERT=01
TTBG
WATER

Figure 50 Import molecular structure

15. Click on icon Calculate bonds. In the molecular structure detail click
OK.



94

General | Functional Group | Formula  Structure

)v Impart Structure
':‘H‘<:: Calculate Bonds

ﬁ/

- Graphical Structurs

Figure 51 Calculate bonds of the component

16. Go to the Streams | FEED | Input | Specifications sheet. In the Total
flow section of the State variables area, change the type of composition to Stdvol-
Flow and change unit to I/sec. In the experiment, 16 ml of glycerol was reacted with
83 ml of tert-butyl alcohol in batch reactor. In the simulation, input glycerol 0.016
I/sec and tret-butyl alcohol 0.083 1I/sec.

VSpecilications] Fiath Options | | | EOOgiicns | Costing |
Subztesm name: | MIXED =] I ; |
Slate vansble: = Compotiton —
[Tompesiure =] [sudvotFiow =] [1faec =l
B Ic x| Companent Value
WATEH
Prazaura - =
!: =l GLYCEROL 0016
[ [oor | [ S
DTEE
Totdfow,  [Mcke > S
| lemolha = S0B007
*ERI-‘H [e083

Total 0053

!.w}whwhcmmlhﬁ.hmwcmﬂdm See Help.

Figure 52 Stream detail
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17. On the Blocks | B1 | Setup | Specification sheet, specify the operating
condition. In the calculation option select “Restrict chemical equilibrium — specify

temperature approach or reaction”.

/Specifications| Pioducts | AstignShearns | Inetts | @ Resincted Equibaum | Utiiy |

Dperating condiions

Pressus: |5 ]baf _'f'.l

Tempsiatute. |75 Ic ﬂ
| | &5

Caculstion oplions

Jﬂud!u chemcal equiihium - specly lempetatuie approach o reachons j

Phases

M rmber of fidchases: | =

I~ Includs vapor hass Sobid Phases

Figure 53 Block setup

18. Click on Restricted Equilibrium tap, in the Restricted Chemical

2

Equilibrium field chose Individual reaction and click on “New...” icon. Choose

reactants, products and coefficient of the reaction.

o Specficstion: | Products | Astign Sheams | Inests Jﬂc:lriclndﬁmﬂnimi Litality |

Flaztict cheamcal aquisboum

7 Enlite spshem wilth tamparstune sppeoach .

& Indeadusl reaction

Reachon:
Axn No. | Spacdication lype Siowchicmety
1 Temp. approach  |[MTBG « TERT-01-» DTBG + WATER
Al I
New.. | Edi Dielele

Figure 54 Define reactions in the reactor
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19. Run the simulation and the result will show the component in each

stream.

[ﬁ!ﬁl__l_LJ.Jmfj_@_l_I_Lj_J

= B Fropertes Pure Conponent | “Degondert | |

n CLHBAT Sirafn ey

Figure 55 The result form Aspen Plus program
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UNIFAC METHOD

Basic Background

The UNIFAC (UNIQUAC Functional-group Activity Coefficients) method
for estimation of liquid-phase activity coefficient is based on the concept that a liquid
mixture may be considered as a solution of the structural units from which the
molecules are formed rather than a solution of the molecules themselves. These
structural units are called subgroups, and some of them are listed in the second
column of Table C.1. A number, designated &, identifies each subgroup. The relative
volume R; and relative surface area Oy are properties of the subgroups, and values
are listed in column 4 and 5 of Table C.1. When it is possible to construct a molecule
from more than one set of subgroups, the set containing the least member of different
subgroups is the correct set. The great advantages of the UNIFAC method are;

1. Theory is based on the UNIQUAC method.

2. Parameters are essentially independent of temperature.

3. Size and binary interaction parameters are available for wide range of
types of functional groups.

4. Prediction can be made over a temperature range of 275 to 425 K and
for pressure up to a few atmospheres.

5. Extensive comparisons with experimental data are available.

Activity coefficients depend not only on the subgroup properties R; and O,
but also on interactions between subgroups. Here, similar subgroups are assigned to a
main group, as shown in the first two columns of Table C.1. The designations of
main groups, such as “CH,”, “ACH”, etc., are descriptive only. All subgroups
belonging to the same main group are considered identical with respect to group
interactions. Therefore parameters characterizing group interactions are identified
with pairs of main groups.

The UNIFAC method is based on the UNIQUAC equation which treats

g=G" / RT as comprised of two additive parts, a combinatorial term g to account

for molecular size and shape differences, and a residual term g* to account for

molecular interactions:
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g=g+g" (F-1)
The function g€ contains pure-species parameters only, whereas the function

g" incorporates two binary parameters for each pair of molecules. For a multi-

component system,

) o.
g =2x n%is > g.x In—Lt (F-2)
X, ¢
and
gR = _Zqixi ln(Z erji) (F-3)
where
X7
¢ =—- (F-4)
xj rJ i
and
g, =24 (F-5)
X4, i
Subscript i identifies species, and j is a dummy index; all summations are over
all species. Note thatz ; #7,,; however, when i=j,thenz,; =7, =1. In these

equations, 7; (a relative molecular volume) and ¢; (a relative molecular surface area)
are pure-species parameters. The influence of temperature on g enters through the
interaction parameters 7 ; of Eq. (C-3), which are temperature dependent:

_(uji - uii)

RT (F-6)

T, =exp

Parameters for the UNIQUAC equation are therefore values of (v, —u,,).

Calculation of Activity Coefficient
An expression for Iny,is applied to the UNIQUAC equation for g [Egs. (F-
1) through (F-3)]. The result is given by the following equations:
Iny, =lny +Iny* (F-7)

ln}/ic:1—Ji+1nJi—5qi(1—%+ln%) (F-8)

1

and



Iny* =q(-Ins,-50,2L
S .

J

where
J=—1_§
ijrj
=% g
2%,
Si:ZQITn
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(F-9)

(F-10)

(F-11)

(F-12)

Again, subscript i identifies species, and j and / are dummy indices. All

summations are over all species, and z;;=1 for i=j. Values for the parameters (u;; - u;)

are found by regression of binary VLE data.

When applied to a solution of groups, the activity coefficients are calculated

by:
Iny,=lny +Iny"
when
J J
ny“=1-J +InJ, -5¢.(1—-=L+In=
}/1 i i qz( LI_ L)
and
Iny = g1 -6 25 —e, 1n Py
S Sy

The quantities J; and L; are given by:

V.
_ i
Ji = _;/-
Xt
q,
L=
X4,

(F-13)

(F-14)

(F-15)

(F-16)

(F-17)

In addition, the following definitions of parameters in Eqs. F-14 and F-15 are applied:



101

r=v"R, (F-18)

P (F-19)
(i)

oy =2 (F-20)
q,

B =T (F-21)

g, = (F-22)

Y,
5 =07 (F-23)
T, = exp(—_;’”k) (F-24)

Subscript i identifies species, and j is a dummy index running over all
species. Subscript & identifies subgroups, and m is a dummy index running over all

subgroups. The quantity v " is the number of subgroups of type k in a molecule of

species i. Values of the subgroup parameters R; and Oy and of the group interaction

parameters, a,,x come from tabulation in the literature.



Table 18 UNIFAC-VLE group interaction parameters, a,u, in Kelvins'
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Ak k 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
m Name CH, c=C ACH |ACCH;| OH |[CH;0H| H,O |ACOH |CH,CO| CHO |CCOO HCOO| CH,0 | CNH; | CNH; | (C):N |ACNH,; |PYRIDINE| CCN |COOH
1 CH; 0 86.02 61.13 76.5 986.5 697.2 1318 1333 476.4 677 232.1 741.4 251.5 391.5 225.7 206.6 920.7 287.7 597 663.5
2 C= -35.36 0 38.81 74.15 524.1 787.6 270.6 526.1 182.6 448.8 37.85 449.1 214.5 240.9 163.9 61.11 749.3 0 336.9 3189
3 ACH -11.12 3.446 0 167 636.1 637.3 903.8 1329 25.77 347.3 5.994 -92.55 32.14 161.7 122.8 90.49 648.2 -4.449 212.5 537.4
4 ACCH, -69.7 -113.6 | -146.8 0 803.2 603.2 5695 884.9 -52.1 586.6 5688 115.2 213.1 0 -49.29 23.5 664.2 52.8 6096 603.8
5 OH 156.4 457 89.6 25.82 0 -137.1 353.5 -259.7 84 441.8 101.1 193.1 28.06 83.02 42.7 -323 -52.39 170 6.712 199
6 CH;0H 16.51 -12.52 -50 -44.5 249.1 0 -181 -101.7 23.39 306.4 -10.72 193.4 -128.6 359.3 266 53.9 489.7 580.5 36.23 -289.5
7 H,0 300 496.1 362.3 377.6 -229.1 289.6 0 324.5 -195.4 | -257.3 72.87 0 540.5 48.89 168 304 -52.29 459 112.6 -14.09
8 ACOH 275.8 217.5 25.34 244.2 -451.6 | 2652 | -601.8 0 -356.1 0 -449.4 0 0 0 0 0 119.9 -305.5 0 0
9 CH,CO 26.76 42.92 140.1 365.8 164.5 108.7 472.5 -133.1 0 -37.36 | -213.7 | -38.47 | -103.6 0 0 -169 6201 165.1 481.7 669.4
10 CHO 505.7 56.3 23.39 106 -404.8 | -340.2 232.7 0 128 0 -110.3 11.31 304.1 0 0 0 0 0 0 0
11 CCcoo 114.8 132.1 85.84 -170 245.4 249.6 200.8 -36.72 3722 185.1 0 372.9 -235.7 0 <735 0 4755 0 494.6 660.2
12 HCOO 90.49 -62.55 1967 2347 191.2 155.7 0 0 70.42 35.35 -261.1 0 0 0 0 0 0 0 0 -356.3
13 CH,0 83.36 26.51 52.13 65.69 237.7 238.4 -314.7 0 191.1 -7.838 461.3 0 0 0 141.7 0 0 0 -18.51 664.6
14 CNH, -30.48 1.163 -44.85 0 -164 -481.7 | -330.4 0 0 0 0 0 0 0 63.72 -41.11 -200.7 0 0 0
15 CNH, 65.33 -28.7 -22.31 223 -150 -500.4 | -4482 0 0 0 136 0 -49.3 108.8 0 -189.2 0 0 0 0
16 (C):N -83.98 | -25.38 | -223.9 109.9 28.6 -406.8 | -598.8 0 225.3 0 0 0 0 38.89 865.9 0 0 0 0 0

17 ACNH, 1139 2000 247.5 762.8 -17.4 -118.1 -367.8 | -253.1 -450.3 0 -294.8 0 0 -15.07 0 0 0 0 -281.6 0

18 | PYRIDINE | -101.6 0 31.87 49.8 -132.3 | 3782 | -332.9 | -341.6 | -51.54 0 0 0 0 0 0 0 0 0 -169.7 | -153.7

19 CCN 24.82 -40.62 | -22.97 | -138.4 | -185.4 157.8 242.8 0 -287.5 0 -266.6 0 38.81 0 0 0 777.4 134.3 0 0

20 COOH 315.3 1264 62.32 268.2 -151 1020 -66.17 0 -297.8 0 -256.3 312.5 -338.5 0 0 0 0 -313.5 0 0

T Adapted from xtUNIFAC Version 1.0
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