dF MTBG

dW =n (33)
dF

;I;B,G =r (34)
dF g

aw s (35)

As shown in Fig. 10, the simulation results agreed well with their experimental results
operated in fixed bed reactor with the space time of 18 g s ml™" and glycerol: TBA feed molar
ratio of 1:8. Even the space time was increased by 19 times (342 g s ml™), good agreement of

simulation results are still obtained as shown in Fig. 11.

4.3 Reactive distillation study

Simulations of the etherification of glycerol and TBA in the reactive distillation (RD)
were then carried out using RADFRAC model in the Aspen Plus. The obtained LH-A
reaction rate from the previous section was employed for investigating the design variables
and operating variables. The design variables considered here consist of the number of tray in
rectifying (Nrec), reaction (NVerxn) and stripping (Nsuip) section. Note that the chemical
properties were estimated by Gani’s group contribution and the glycerol to TBA feed ratio
(Faycero/FTBA) Was set at 0.25. The feed stage of heavy reactant, glycerol, was placed on the

top of reaction zone and light reactant, TBA, was placed on the lowest of reaction zone.

The desired products i.e. DTBG and TTBG were obtained in the liquid residue. The

conversion of glycerol and selectivity of desired products were defined as follows.

Conversion of glycerol =

difference in molar flowrate of inlet and outlet of glycerol

x100 (36)

feed molar flowrate of glycerol



Selectivity of desired products =

molar flowrate of DTBG and TTBG in residue

100 (37)

difference in molar flowrate of inlet and outlet of glycerol
4.3.1 Effect of design variables

The effect of the number of reaction stages (with constant of total catalyst
loading) and stripping stages on the reactive distillation performance was shown in Fig. 12.
Both conversion and selectivity decreased with increasing the number of stripping stage from
0 to 6 stages. This can be explained that the increase of the number of stripping stages causes
the slight temperature decreasing in reaction zone and thus decreases the glycerol conversion
and the desired products, DTBG and TTBG, which are the consecutive products of further

etherification of MTBG.

The effects of number of rectifying stages are shown in Fig. 13. It is noted that the
number of stripping stage is set at zero according to the above results. It was found that both
conversion and selectivity slightly increased with increasing the number of rectifying stages
and become constant with the rectifying stages of 6 stages. This is due to the fact that more
water was removed by increasing the number of rectifying stages and therefore high
etherification reaction could be enhanced. However, more TBA was also removed to the
distillate, hence, the effect of increasing rectifying stages on the reaction performance could
not be more pronounced. Figs. 12 and 13 also show the effect of number of reaction stages.
Increasing the number of reaction stages increased the conversion of glycerol and products
selectivity since more reaction stages pronounce the etherification by increasing the residence
time. From the simulation as shown in Figs 12 and 13, the optimum design for the reactive
distillation is 6 rectifying and 6 reactions without stripping stage. An experiment was carried
out at the suitable configuration obtained from the simulation with a set of operating

conditions as shown in Table 4. The concentration profiles of the residue were compared with



the simulated as shown in Fig. 14. The dashed lines represent the simulated results, while the
symbols are the data from the experiment. The simulated results were in good agreement with
the experimental results and took around 12 hours to achieve the steady state condition. The
liquid mole fraction of each component at each stage inside the reactive distillation and the
temperature profile were shown in Fig. 15. Clearly, the vapor liquid equilibrium stages ensure
that water is produced and excess TBA exists in the top of the column. Furthermore, the

products i.e. MTBG, DTBG and TTBG are in the bottom stream.

4.3.2 Effect of reboiler heat duty and reflux ratio

By varying the heat duty and reflux ratio, similar tendencies of conversion and
selectivity were obtained as shown in Figs. 16(a) and (b). It can be seen that the conversion
and selectivity increased initially with increasing reflux ratio before dropping down. This is
due to the trade-off in concentration of TBA and water which are major components in
distillate. The increase of the reflux ratio increased the concentration of TBA in the reaction
section where it can react with glycerol to produce more ethers. However, the increase of
reflux ratio increased the concentration of water in the reaction section and lowered the
catalytic performance. The effect of heat duty of reboiler on the conversion and selectivity
were also presented in Figs. 16 (a) and (b). The increase of heat duty increased the conversion
and selectivity however this effect becomes smaller at higher heat duty. As the heat duty
increased, more glycerol can travel up in to the reactive section and then reacted with TBA.

The optimum reflux ratio showed higher value with higher heat duty of reboiler.

5. Conclusion



This paper studies the glycerol etherification with ferz-butyl alcohol catalyzed by
Amberlyst 15 in reactive distillation. From the equilibrium study, it was demonstrated that
among three 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 338-358 K showed good agreement with
that obtained by experimental results from this study and as reported in the literature. Three
temperature levels of 338, 348, and 358 K were used in the study to obtain the parameters in
the Arrhenius’ equation of the reaction rate constant and the Van’t Hoff equation of water
sorption equilibrium. The Langmuir-Hinshelwood activity based model which takes into
account the effect of water adsorption is the best kinetic model to fit the experimental results.
The obtained kinetic parameters were also well verified with the independent experiments in
fixed bed reactor from the literature. Lastly, both simulation and experimental studies in
reactive distillation indicated that the suitable configuration consists of 6 rectifying stages and

6 reaction stages without stripping stage.
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Nomenclature

a; activity of species i, dimensionless



E, activation energy, kJ mol™

F; molar flow rate of species i, mol min™!

G total Gibbs free energy, kJ mol™

AH standard enthalpy change of reaction, kJ mol™

kia forward rate constant of reaction j th for activity based model, mol s™ kg™

kja backward rate constant of reaction j th for activity based model, mol s™ kg™

kix forward rate constant of reaction j th for mole fraction based model, mol s kg™
kjx backward rate constant of reaction ; th for mole fraction based model, mol s kg’
Kja equilibrium constant of reaction j th for activity base, dimensionless

Kix equilibrium constant of reaction j th for mole fraction base, dimensionless

K, sorption constant, dimensionless

M number of data points

n; number of mole of species i, mol

n total number of moles, mol

NRrec number of tray in rectifying section

Nrxn number of tray in reaction section

Nstrip number of tray in stripping section

r reaction rate, mol s™' kg™

R gas constant, J mol” K!

AS standard entropy change of reaction, J mol™ K

t reaction time, s



T temperature, K

/4 catalyst weight, kg
X; mole fraction of i th component, dimensionless
Greek letters
Vi activity coefficient of species i estimated by UNIFAC method, dimensionless
Ui chemical potential of species i,
il standard chemical potential of species i,
Subscript
a activity base
X mole fraction base
exp experimental data
eq equilibrium
i species i
j for j th reaction
Abbreviations

DTBG  di tert-butyl ether of glycerol

G glycerol

IB isobutylene

LH Langmuir-Hinshelwood kinetic model

LH-A Langmuir-Hinshelwood based on activity model

MTBG  mono tert-butyl ether of glycerol



PL Power law model

PL-A Power law based on activity model
PL-X Power law based on mole fraction model
TBA tert-butyl alcohol

tert tertiary

TTBG tri tert-butyl ether of glycerol
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Table(s)

Tables

Table 1. Summary of Gibbs free energy values estimated from Aspen Plus compared with

those from database.

Gy (kJ mol™) Deviation (%)
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
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
Table 2. Equilibrium constants estimated by Aspen Plus program.

reaction

Rate constant

ry

Kia = exp(-7.52+2095/7)

Kix = exp(-5.15+1523/T)

r

Ky, = exp(-11.68+2573/7)

Koy = exp(-10.31+1857/T)

r3

K3, = exp(-15.08+2573/7)

Ksx = exp(-17.44+3315/T)




Table 3. Kinetic rate constants from PL-A, PL-X and LH-A models.

Model Rate constant Activation energy, £, (kJ mole™)
PL-X | k; =exp(26.299-10006/7) 81.77
ky =exp(26.437-10468/T) 88.09
ks =exp(5.0194-3952/T) 32.85
PL-A | k; =exp(30.499-9988/T) 83.04
k> =exp(30.629-10425/T) 86.67
ks =exp(7.0013-3704/T) 30.79
LH-A | k; =exp(31.872-8690/T) 82.15
ky =exp(32.659-10624/T) 88.33
k3 =exp(7.6561-4189/T) 34.83

Table 4. Standard operating conditions of reactive distillation

Condition of feed

Column specification

Temperature (K) 298 Rectifying stage 6
Feed flow rate (ml/min) Reaction stage 6
glycerol 2 Stripping stage 0
tert-butyl alcohol 8 Total catalyst weight (kg) | 0.020
Pressure (bar) 1 Heat duty (watt) 80
Feed stage Reflux ratio (-) 2
glycerol 8
tert-butyl alcohol 13
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of the column improves all the performance indicators, namely oxygen product purity, recovery
and productivity compared to the conventional way of packing the adsorber with adsorbent
particles of one uniform size. In contrast, just 2- or 3-layers of different sized particles improves
the recovery and productivity at the expense of oxygen product purity. A detailed analysis of

these results with physical insights into the process will be covered in the presentation.

Keywords: Layered adsorber, PPSA process, Air separation, Oxygen concentrator, SA zeolite.
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Production of Ether from Glycerol: Kinetic Study
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Etherification of glycerol for oxygenate fuel production is one of a promising processes for
glycerol upgrading. The product form etherification of glycerol (G) with tert-butyl alcohol
(TBA) consists of mono-, di- and tri- tert-butyl ether of glycerol (MTBG, DTBG, and TTBG).
MTBG has a low solubility in diesel fuel and therefore the etherification of glycerol should
maximize the formation of DTBG and TTBG (Klepacova et al., 2005; Karinen et al., 2006).
DTBG and TTBG are usable as cetane enhancer with decreasing of carbon monoxide and
particulate matter emission from incomplete combustion. However, until now, the Kinetic

parameters of these reactions have not been reported yet.

In this work, the production of ether from glycerol and TBA over Amberlyst 15 cation-exchange
57




resin has been determined in batch reactor. The reaction is performed at 5 bar, G/TBA molar
ratio of 1:4 with three temperature levels of 338, 348 and 358 K to obtain the kinetic parameters.
The reaction is performed at the maximum agitation speed (600 rpm) to avoid the limitation of
external mass transfer. The kinetic models of Power Law (PL) based on activity (PL-A) and
concentration (PL-C) were employed to fit with the experimental results. To determine the best-
fitted kinetic parameters, the relative root mean square deviation (RMSD) was minimized. The
reactions taking place in the direct etherification of glycerol and TBA can be summarized as

follows :

ki
Glycerol + TBA w MTBG + H,0 (1)

MTBG + TBA <—:?2—> DTBG + H,0 2)
DTBG + TBA <—:3—> TTBG + H,0 (3)

Kinetic parameter determination:

As shown in Fig. 1 (a), both PL-A and PL-C kinetic model can fit the experimental results well.
A deviation of PL-C and PL-A kinetic models from the experiments is indicated by the average
RMSD values as shown in Fig. 1 (b). The PL-A is slightly better than PL-C because of smaller
RMSD value. This is due to the reaction in liquid phase normally deviate from the ideal mixture
and therefore rate expression in term of activity should be more appropriate. The expressions of

the rate constants and activation energy are summarized in Table 1.

Tablel. Pre-exponential factor and activation energy obtained from PL-A and PL-C

Model Pre-exponential factor  Activation energy, Ea (kJ mole™)

PL-C k; 3.270 81.7
k2 3.275 88.1
ks 1.613 32.8
PL-A ki 3418 83.0
) 3.422 86.6
ks 1.946 30.8
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Abstract

Glycerol, a by-product of biodiesel production was employed as the fuel extender in this study. The
process was investigated by etherifying the entire fluidized catalytic cracking (FCC) gasoline with
glycerol (99.5% purity) catalyzed by commercial catalyst i.e., Amberlyst 15, Amberlyst 16 and B-
zeolite. The reactions were carried out in a pressurized liquid phase reactor at 70 °C and 2.6 MPa with
a molar ratio of FCC gasoline to glycerol ratio of 4:1 for 10 h. FCC gasoline is a potential valuable
feedstock of reactive olefins for production of oxygenated ethers. On the contrary, these olefinic
compounds should be diminished also in order to meet the new mandatory of gasoline composition
which allows the olefin content not to exceed 18 vol% as regulated by Euro 4 standard. The properties
of FCC and etherified FCC products were determined by the standard analysis of Research Octane
Number (RON), blending Reid vapor pressure (bRvp), distillation temperature following the standard
methods of ASTM D -2699, ASTM D 5191-99 and ASTM D 86-05, respectively. The process of FCC
gasoline etherification with glycerol has several benefits. Ethers produced from glycerol which
considered as renewable could extend the gasoline volume. The etherified gasoline product has lower
blending Reid vapor pressure (bRvp). The loss of octane number due to olefin reduction could be
compensated by in situ ether production.

Keywords: Renewable energy, glycerol, etherification, FCC gasoline.

1. Introduction 2005). As the biodiesel production is increasing
Nowadays global warming and energy crisis exponentially, the crude glycerol generated from
are recognized as the most global severe the transesterification has also been generated in
problems. The transportation might be a a large quantity carrying thus an oversupply.
significant part of the concern. Biodiesel is an Etherification of glycerol is one of
alternative fuel that is produced by chemically promising  process for oxygenate fuel
reacting a vegetable oil or animal fat with an production. However, until now the research
alcohol such as methanol or ethanol. An works are limited with only two etherification

advantage of biodiesel is that it is “carbon agents isobutylene (IB) and tert-butyl alcohol
neutral” in terms of CO, since the CO, has (TBA) for the etherification with glycerol
recently come from the atmosphere through (Noureddini and Harmeier, 1998), (Klepacova et
fixation by planting. However, for every 9 kg of al., 2005; Klepacova et al., 2006),(Karinen and
biodiesel produced, about 1 kg of a crude Krause, 2006). Isobutylene reacts with glycerol
glycerol by-product is formed (Dasari et al., of acid catalyst and a mixture of mono-, di- and
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tri-tert-butyl ethers of glycerol is formed. Higher
glycerol ether mainly di- and tri-tert-butyl ethers
could be similar as the current commercial
oxygenate additive used as oxygenates to
gasoline. Furthermore, addition of these ethers
has positive effect on the quality of gasoline and
preferentially ethers are active by reduction of
fumes and particulate matters, carbon oxides and
carbonyl compounds in exhaust.

FCC gasoline contained many C4-Cqg
reactive olefins e.g. IB, isoamylene (IA) which
is a promising source for etherification. On the
contrary, these olefins content should be
eliminated or minimized before using as a
gasoline in the environment viewpoint. The
etherification of entire FCC gasoline have been

successful  experimented with  methanol
(Pescarollo et al., 1993) and ethanol
(Kiatkittipong et al., 2008, 2009). The

etherification of FCC light gasoline with
methanol was firstly studied by Pescarollo et al.,
1993. Kiatkittipong et al., 2008 studied
etherification of FCC gasoline with ethanol
catalyzed by commercial catalysts, i.e.,
Amberlyst 16 and B-zeolite. Comparing between
two catalysts, -zeolite was a more suitable
catalyst for the etherification of FCC gasoline
with ethanol because not only a better catalytic
activity  for  etherification, but some
isomerization also occurs without aromatization.
It offered products with higher RON and ethanol
conversion with lower bRvp. A satisfied
drivability index showed the cold start problem
might not be occurred even in low bRvp
(Kiatkittipong et al., 2009).

In this study, the process was investigated
by etherifying the entire FCC gasoline with
glycerol catalyzed by commercial catalysts, i.e.,
Amberlyst 16, Amberlyst 15 and B-zeolite. The
suitable operating conditions (temperature,
amount of catalysts) were primarily screened.
The properties of etherified gasoline product,
i.e., RON, bRvp and distillation temperature
were compared with original FCC gasoline.

2. Experimental
2.1 Chemicals

FCC gasoline is cut off from a catalytic
cracking unit of an oil refinery. Glycerol grade
AR (99.5 vol. %) from QR&C.
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2.2 Catalysts

Amberlyst 16, Amberlyst 15 and B-zeolite
used in this study were purchased from Chemica
Fluka and Tosoh (Japan), respectively. The
catalysts were dried overnight in an oven at
110°C before use. The physical properties of the
catalysts were shown in Table 1.

Table 1: Physical properties of catalysts

Surface  Particle Pore Pore
area size diameter  volume
g  um)  (m)  (cmg)
Amberly 45 700 20 1.82
st 16
Amberly 53 600-850 30 0.40
st 15
Beta- 625 45 0.58 0.129
zeolite
2.3 Apparatus

Etherification of FCC gasoline with glycerol
was carried out in a cylindrical shape autoclave
reactor as shown in Fig. 1. The volume of
reactor was 100 cm’ with reactor height of 8 cm
and outside and inside diameters of 5 and 4 cm,
respectively. The turbine was used to stir the
mixture. A valve for liquid sampling and a port
for the thermocouple were installed at the top.
The mixture was stirred by using turbine at the
maximum speed of 1163 rpm for all
experiments. At this speed, the effect of external
mass transfer resistance could be neglected. The
reactor was maintained at a constant temperature
by circulating hot water in jackets.

2.4 Analysis

The standard analysis of Research Octane
Number (RON), blending Reid vapor pressure
(bRvp) and distillation temperature were carried
out by following the standard methods of
following the standard methods of ASTM D -
2699, ASTM D 5191-99 and ASTM D 86-05,
respectively

2.5 Operation procedure

The reaction system consisted of 84 cm’ of
FCC gasoline, 16 cm’ of glycerol and 10 g of
catalyst and was carried out at 70 °C for 10 h
under a pressure of 2.6 MPa. After run, the
reactor was cooled down to a room temperature
before opening the reactor and collecting the
sample in order to prevent the evaporation loss
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Figurel: Schematic diagram of the experimental
apparatus

3. Results and Discussions

3.1 Catalyst and operating condition
screening

3.1.1 Catalyst screening

Among three acidic catalysts (i.e.,

Amberlyst 16, Amberlyst 15 and -zeolite), only
Amberlyst 16 gives a complete conversion of
glycerol after 10 hours of reaction. Therefore
Amberlyst 16 was selected as a suitable catalyst
for the reaction.

3.1.2 The influence of the amount of
catalyst

The amounts of Amberlyst 16 catalyst were
varied for 0.5, 5 and 10 g. With Amberlyst 16
less than 10 g, glycerol could not be converted
completely (results were not shown here).

3.1.3 The of
temperature

Etherification of glycerol catalyzed by
Amberlyst 16 were carried out in the
temperature range of 50-70° C. Glycerol
conversion increased with increasing operating
temperature from 50° C to 70° C. It should be
noted that glycerol could be completely
converted within 10 hours with the operating
temperature of 70° C.

influence operating

3.2  Characterization of etherification
products and FCC gasoline

Research Octane number (RON) and
blending Reid vapor pressure (bRvp) of
etherification products analyzed were shown in

Table?2.

TU

Table 2: Comparison of gasoline properties

2009

FCC Etherified FCC
gasoline gasoline with
glycerol
RON 88 90.1
bRvp 6.5 4.5
(psia)
Density 0.7186 0.7403
(g/cm’)
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The results show that RON of etherified
FCC gasoline is higher than that of original FCC
gasoline. This implies that the RON of ethers
product might be higher than that of olefinic
compounds which were consumed in the
reaction. The bRvp of etherified FCC decrease
form 6.5 psia to 4.5 psia. The reduction of bRvp
is beneficial especially for hot countries or in
summer. It should be noted that the increase of
RON in case of etherified with glycerol are
different from ethanol. In our previous study
Kiatkittipong et at. 2008, FCC gasoline was
etherified with 20 vol% ethanol catalyzed by -
zeolite and RON of 94.1 could be obtained.
Since the unreacted ethanol can be left in the
gasoline therefore the RON of the etherified
product also influenced by ethanol which have
high octane (RON, a0t = 118). However, in the
case of glycerol, glycerol could not be
remaining in the gasoline. Therefore, the RON
improvement might be only due to the
etherification with glycerol. On the contrary, the
bRvp of etherified FCC with glycerol are lower
than that of etherified with 20 % vol ethanol.
This is due to high bRvp of ethanol remaining in
the gasoline.

Figure 2 shows distillation curve of original
FCC gasoline and etherified FCC gasoline with
glycerol. Etherified FCC gasoline with glycerol
showed higher distillation temperature than that
of original FCC gasoline. The results might
support the decreasing of the bRvp of etherified
product as previously shown in Table 2.
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Distillation curves from D-86 tests
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Figure2: Distillation curve from D-86 Tests

4. Conclusion

The etherification of FCC gasoline with
glycerol showed a promising process for
gasoline quality improvement and utilization of
glycerol as a fuel extender simultaneously. The
etherified FCC gasoline showed higher research
octane number (RON) and lower blending Reid
vapor pressure (bRvp) which are preference
properties. The suitable operating condition of
reaction were carried out by feeding FCC to
glycerol ratio of 4:1 with operating temperature
of 70°C, 10 g of Amberlyst 16 catalyst and 10
hours of reaction time.
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Abstract

Since the demand of biodiesel increases rapidly, therefore the production of glycerol
byproduct increased dramatically. Therefore many researches attempt to utilize glycerol in several
approaches [1-3]. Etherification of glycerol is one of a promising process for oxygenate fuel production.
The product form fert-butylation of glycerol consists of mono-, di- and tri-tertether of glycerol. Di- and
tri-tert-butyl ethers of glycerol are usable as potential cetane enhancer to diesel fuels because of their
blending properties and high cetane number. Mono-tert-butyl ether of glycerol has a low solubility in
diesel fuel and therefore the etherification of glycerol should be directed to maximize the formation of
di-and tri-ethers [4]. The etherification of glycerol with fert-butyl alcohol (TBA) or isobutylene (IB)
can be catalyzed by a strongly acidic macro-porous cation-exchange resin, e.g. Amberlyst (15, 31, 35,
36, 39 and 119) [5], large-pore zeolites (H-Y and H-B) [6], acidic homogeneous catalysts (e.g. p-
toluene sulfonic acid and methane sulfonic acid) [7]. However, with the best of our knowledge, no
work investigates on the thermodynamic equilibrium on this reaction.

This research describes the determination and analysis of the equilibrium limitations in the
liquid-phase synthesis of ethers, zert-butyl of glycerol, from rert-butyl alcohol (TBA) and glycerol. The
equilibrium simulation was based on Gibbs free energy minimization approach. Thermodynamic
parameters of the components i.e. mono-, di-, and tri-tert-butyl glycerol (MTBG, DTBG adnd TTBG,

st !

respectively) are not available in Aspen Plus database. Both 1 order i.e. Joback and 2 order i.e.
Benson and Gani group contribution method were applied for estimating the missing properties of the
components. The estimated Gibbs free energy of formation were compared with some of available
database. The module of RGibbs reactor in Aspen Plus simulator version 2006.5 was used in this study.

The effect of temperature on glycerol conversion was illustrated in Fig. 1. The simulation
results were compared with the experimental results 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 over reaction
temperature in range of 50-80 °C. Glycerol conversion at equilibrium decreased with increasing
reaction temperature since overall reaction is exothermically.

The product distribution at operating temperature of 50 °C was shown in Fig. 2. 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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Modeling, Simulation and Optimization of Naphtha Cracker Furnace
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E-Mail :kushal rastogi@gmail.com.

Abstract

Petrochemical industry is the largest segment within the US $ 1600 billion global chemical
industry having its great share of around 40%. Cracker Plant has been a key driver in the development
of petrochemical industry. The present study is focused on Cracker plant of Reliance, Hazira, India;
one of the world's largest grassroots multi-feed cracker with capacity of 800 KTA ethylene and 380
KTA propylene production. The cracker can use a variety of feedstocks, like - naphtha. natural gas
liquids, ethane, propane and other petroleum feedstocks. The cracker produces important raw materials
for many of Reliance's key products, and plays a crucial position in the overall value-integration
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ABSTRACT

This research describes the determination and analysis of the equilibrium
limitations in the liquid-phase synthesis of ethers, ters-butyl of glycerol, from
tert-butyl alcohol (TBA) and glycerol. The equilibrium simulation was based on
Gibbs free energy minimization approach. Because thermodynamic parameters
of the components i.e. mono-, di-, and tri-fert-butyl glycerol (MTBG, DTBG and
TTBG, respectively) are not available in Aspen Plus database, the group
contribution methods i.e. Joback, Gani, and Benson were applied for estimating
the missing properties of the components. The estimated Gibbs free energy of
formation were compared with some of available database. The effect of
operating temperature on etherification reaction was investigated. The
equilibrium simulation results show good agreement with the experimental
results obtained from the literature.

INTRODUCTION

Biodiesel is an alternative fuel for diesel engines. 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,
and air toxics than petroleum-based diesel fuel (Zheng et. al, 2008). Methyl
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esters or ethyl esters (known as biodiesel fuel) obtained by transesterification that
are produced by chemically reacting a vegetable oil or animal fat with an alcohol
such as methanol or ethanol. The main products from transesterification reaction
are methyl or ethyl esters (biodiesel) while glycerol is obtained as a by-product.
Since the demand of biodiesel increases rapidly, the production of glycerol
becomes oversupplied. Therefore many researches attempt to utilize glycerol in
several approaches (Byrd et. al, 2008) (Silnn et. al, 2008) (Luo et. al, 2008)

Etherification of glycerol is one of a promising process for oxygenate fuel
production. The product form terz-butylation of glycerol consists of mono-, di-
and tri-tert-ether of glycerol. Di- and tri-fert-butyl ethers of glycerol are usable as
potential cetane enhancer to diesel fuels because of their blending properties and
high cetane number. Mono-fert-butyl ether of glycerol has a low solubility in
diesel fuel and therefore the etherification of glycerol should be directed to
maximize the formation of di- and tri-ethers (Fukuda et al, 2001). The
etherification of glycerol with zert-butyl alcohol (TBA) or isobutylene (IB) can
be catalyzed by a strongly acidic macro-porous cation-exchange resin, e.g.
Amberlyst (15, 31, 35, 36, 39 and 119) (Klepacova et. al, 2006), large-pore
zeolites (H-Y and H-B) (Klepacova et. al, 2003), acidic homogeneous catalysts
(e.g. p-toluene sulfonic acid and methane sulfonic acid) (Klepacova et. al, 2007).
However, with the best of our knowledge, no work investigates on the
thermodynamic equilibrium on this reaction.

The aim of this research is to analyze and determine the equilibrium limitations
of tert-butyl of glycerol ethers production from fert-butyl alcohol (TBA) and
glycerol in liquid phase. The equilibrium simulation was based on minimizing
Gibbs free energy. Both 1* order i.e. Joback and 2™ order i.e. Benson and Gani
group contribution method were employed and compared. The module of RGibbs
reactor in Aspen Plus simulator was used in this study. The effects of reaction
temperature on equilibrium reactions were also investigated.

RESULTS

As shown in Table 1 the Gibbs free energy of TBA, IB and glycerol estimated by
Gani group contribution method was close to the value from database.
Equilibrium composition was calculated 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 fert-butyl alcohol
was illustrated in Figure 1. The simulation results were compared with the
experimental results 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
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reaction temperature since overall reaction is exothermically. The product
distribution at operating temperature of 50 and 70 °C were shown in Figs. 2 and
3, respectively. 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.

TABLE 1 Gibbs free energy estimation

Group contribution

Species Joback Benson Gani Database
TBA -151.18 -188.95 -180.70  -177.60
IB 62.09 53.26 59.41 58.08
Glycerol -438.52  -440.87 -453.45  -447.10
MTBG -370.18  -417.39  -394.97 -
DTBG -301.84  -393.92  -336.49 -
TTBG -233.50  -370.44  -269.59 -
100.0 * * * *
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FIGURE 1 The effect of temperature on glycerol conversion.
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FIGURE 3 Equilibrium comparison from simulation and experiment (70 C,
Glycerol: TBA=1:4).

CONCLUSIONS

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 50-80
°C showed good agreement with that obtained by experimental results reported in
the literature. However, MTBG was obtained as a main product rather than
DTBG and TTBG which are more desirable products.
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ABSTRACT

The production of ethyl zert-butyl ether (ETBE), an alternative oxygenate fuel for
MTBE replacement, from fert-butyl alcohol (TBA) and bio-ethanol in liquid-
phase catalyzed by Amberlyst 15 was investigated in both experiment and
simulation. The simulation was carried out by using the commercial software
package, Aspen Plus. Very good agreement between the experimental and
simulation results can be obtained. It has been found that an optimal column
configuration for the ETBE production under the range of study comprises of 7
rectifying, 4 reaction, and 2 stripping stages. However, high heat duty was
required for bio-ethanol (2.5 vol%) fed in a single reactive distillation. Therefore,
combined pre-concentration unit i.e., pervaporation (PV) and distillation with
reactive distillation hybrid processes were explored. Pre-concentration of bio-
ethanol with organophilic pervaporation membrane showed the most promising
hybrid process. The preference of hybrid reactor in term of total energy
consumption could be ordered as PV(organophilic)*RD, single RD and
Distillation+RD, respectively.

INTRODUCTION

Ethanol is renewable energy for solving oil crisis and global climate change.
However, ethanol direct blend into gasoline showed some disadvantage e.g. high
blending Reid vapor pressure (bRvp). Ethers derived from ethanol can overcome
this drawback because the lower of bRvp. Refiners and auto-makers also prefer
to use ethers to meet the octane number and oxygenate requirement for technical
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reasons. As a result, ethers derived from ethanol could be the most suitable for
gasoline extender and octane modifier rather than ethanol (Kiatkittipong et al.,
2008). The most well-known ethanol derivatives ethers are ethyl tertiary butyl
ether (ETBE). Most of previous works have been focused on the use of iso-
butylene (IB) which is found mainly in the C, fraction of FCC gasoline as a
reactant. tert-Butyl alcohol (TBA) a major by product of propylene oxide
production is an alternative reagent instead of IB (Quitain et al., 1999;
Assabumrungrat et al., 2002, 2003; Kiatkittipong et al. 2002). This reaction is
limited by chemical equilibrium, separation of product during the reaction was
necessary for shifting the equilibrium conversion.

Reactive distillation (RD), a multifunctional process which combines two
conventional processes of reaction and separation, has received much attention.
Apart from experimental studies, some studies focusing on simulation of RD for
ETBE production from TBA in order to investigate the effect of operating
conditions and design parameters on the performance of RD (Yang et al., 2001;
Young et al.,2003). However, very limited work was focused on using bio-
ethanol for ETBE production in RD (Quitain et al., 1999).

In this work, ETBE productions from bio-ethanol and TBA in reactive
distillation integrating with a conventional distillation column or pervaporation
membrane as a pre-concentration unit were investigated via simulations using
ASPEN PLUS. The laboratory scale of reactive distillation was set up and
experimented for validating the kinetic parameters from the literature.

RESULTS AND DISCUSSION

The kinetic parameters of etherification between EtOH and TBA catalyzed by
Amberlyst 15 from Yang et al. 2001 were employed for simulation in this study.
The experiment was performed to validate the simulation results. As shown in
Table 1, very good agreement between the experimental and simulation results
can be obtained.

TABLE 1 comparison result from simulation and experimental

Distillate (mole fraction) Bottom (mole fraction)

Components - - - - - -
experimental  simulation  experimental simulation

ETBE 0.60 0.5861 0.00 0.0000

EtOH 0.287 0.2885 0.01 0.0042

TBA 0.06 0.000 0.00 0.0000

1B 0.00 0.0747 0.00 0.0000

H,0 0.053 0.0507 0.99 0.9957
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TABLE 2 Summary of the results for ETBE synthesis in difference system
configurations.

Parameters

Single column

RD with pre-concentration unit

(Only RD) Dist + RD PV + RD
Mol % EtOH feed stream 0.025 0.025 0.025
Feed flowrate (mol/s)
TBA 0.1035 0.1035 0.1035
EtOH 0.1035 0.1035 0.1035
water 3.933 3.933 3.933
Npist (stages) - 6 -
Feed stage of dilute EtOH - 4 -
for DIST
RFpist - 35 -
Membrane area (m?) - - 62.5
Nree> Nrxns Nsip (Stages) 7,4,2 7,4,2 -
Mole fraction in RD
Distillate
Xdist, ETBE 0.5610 0.5748 0.58736
Xdist, EtOH 0.2669 0.2800 0.28942
Xdist. IB 0.1122 0.0981 0.06874
Xdist. TBA 0.0000 0.0000 0.00002
Xdist. H20 0.0598 0.0471 0.05446
Bottom
Xbot, ETBE 0.0000 0.0000 0.0000
Xbot, EtOH 0.0042 0.0129 0.0029
Xbot, 1B 0.0000 0.0000 0.0000
Xbot, TBA 0.0000 0.0000 0.0000
Xbot, H20 0.9957 0.9870 0.9971
Conversion of TBA (-) 0.9993 0.9999 1.0000
Yield of ETBE (-) 0.45 0.47 0.49
Energy consump. (kJ/s)
Qcond, D - 25.57 -
Oreb.D - 47.72 -
Qpre-PV - - 0
QPV - - 4.5
Qvacuum pump - - 1 2
Ocond, RD 20.37 20.36 20.88
Oreb. RD 46.50 23.90 25
QTotal Energy Consumption 66.87 117.55 51.58

The reactive distillation column was designed for ETBE synthesis using bio-

ethanol of 2.5 mol%

as reactant.

It is found that the suitable column

configuration consists of 7 rectifying, 4 reactive and 2 stripping stages for the
production of 57 mol% ETBE in top product stream.
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Various reactor configurations i.e. a) single RD b) Distillation + RD ¢) PV
(organophilic) + RD as shown in Fig. 1 were investigated for ETBE production
fed by bio-ethanol. The polydimethylsiloxane (PDMS)/Ceramic composite
membrane was selected as a organophilic membrane for ethanol removal. The
permeation flux of ethanol and water were obtained from the work of Fenjuan et
al. (2007).

Table 2 summarized the results from difference system configurations. The
preference of hybrid reactor in term of total energy consumption could be
ordered as PV(organophilic)+RD, single RD and distillation+RD, respectively.

(=} Single RD _r—'l—)

FIGURE 1 Configuration of ethyl fert-butyl ether synthesis process.
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