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CHAPTER I
INT UCTION

\\\

1.1 Introduction ...

In cherad - an v gcture l €S2 cid is a by-product in
various chemic : i ance; ‘cellul X ! wWhich are used in fiber
processing, | _ ’ g " - '- s. Cellulose acetate is
| Aacetic anhydride and sulfuric
acid as a reagent. action lts-ir formati ) w large amount by-product
acetic acid coniningfwaste, nortfialty 88 WkoSsolution of acetic acid.
Terephthalic acid pgdugffon*pic es-by=product & tailing 65% wiw of acetic acid

\

in water. The synthesi of glyoxal- from dehyd@and nitric acid generates by-

\ \uhw of ¢

product containing 13209 he process of dimethyl telephtalate

production which uses ace ;r w ‘
and acetic, d Qg produgtton of vinyl acetate

ating chemical for resin preparation

monomer (AN which s cracked-fronr e thytidene—duace: ate! (EDA) (generated by
a'.r:‘- also produced as a

|

ds to he recovereﬂ%

AL I ES YTy

, N-butanol, n-amyl alcohol and hexanol for accessmg acetate esters is a well

reaction of &6

=
by-product. Largé amount of g

known procedure

ARIRNNA. AlUNIINLIAY

quantities for various applications for example; as an extractant, a solvent and a
polishing agent. Amyi acetate heips in the removal of many piastic-based stains, such

as plastic glues and adhesives. It is also effective on correction fluids such as Liquid



Paper and effectively removes any residues left on garments. The consumption of
amyl acetate is growing in the present.

gsized in liquid phase through esterification
' |ﬁe by strong acids. The reaction of
rst )&is the difficulty in producing

g@ited reaction. To improve
~---...~| oval of products during
\{ ‘ DI i. moval, such as reactive

Amyl acetate is common

_ WStil[24fop and reaction in a single
vessel. The re ) : esSureandiicmpelature levels and needs

A 3 :
to be catalyzed 8, caldlyst, e.g. ion exchangers.

Reactive distill anysasvanta linste e imProved selectivity, better
temperature controlffi conversion, and e \\ /&llitilization of reaction heat
and avoidance of azeofiope. _:::::.'.'._.q.,::- lit_is apparent that alcohol is soluble in
water while ester is almost¥#asetable. Thi is associated with the formation a

minimum boiling ternar ,34: C ace alcohol, and water in nonreactive

zone, the h@) 2

after the vapo

stillgte product. Moreover,
| 2 _
water and conveniently
. il h ¥

withdrawn as produe edback as reflux.

1) il

For equiliwiglimited reactions, thﬁe’are ranges of operating condition

AU INEVIWEANT. -

ecause of its potential for capital productivity improvements, selectivity

ea
Jmprovements due tg a f regov. reactagts Qr pfagticts f > reacti i
QWTE ARl Y
q or elimination of solvents In the process, fe uce the num ér of equipment unit as two

process steps can be carried out in the same vessel compared to conventional reactor-

separation sequences, and lower capital and operating cost.



The ternary azeotropic mixture between amyl acetate, amyl alcohol and water
is formed as a low-boiling ternary azeotrope considering the thermodynamic

properties of the reaction systemu

[ [ . igtillated overhead can be cooled down to
sufficiently low temperatL "._ to break azeotrope, the ternary
azeotrope can be elimimatg ynyPace ' iIing point product and also a

heavy key component.ii-tHE™p esterlflcatlon via reactive
distillation. AmW‘ ‘\_\\' geef the column. Two phase
separation is allowe : 2d distillate;,co --.0 of amyl alcohol, water,
and Amy| acetate is Jand ‘ sufficiently low. Decanter

based separati g appligd imyte IOy liquid azeotropes. Its
ation ier mixtures, removal or
of organic mixture. In
€8, from water, resulting in
\, | . i

oM th Gther unit operations.
\

In this WOfk, exerimeitand:s d simul are cagilled out to investigate the result
of reactive distillation of e B¥ acetic acid with amy!l alcohol. The
reactions were performegd: »v"' -}‘: ge. d ,

15, Dowe }d

Various re

of catalyst which are Amberlyst

—

cause the presence

results compared.

of high water J

m included in the process. The commercmLIL\spen Plus program is
used to simulate ‘Qe &formances of the dlf&jnt systems to find suitable process

FTU?]”’WTEWI?WEH na
QxW’]MﬂiﬂJﬂJWnﬂﬂ’]ﬂﬂ

atg,removal in the system,

a decanter un
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ification of acetic acid and
inetically controlled

%alid or sulfonic acid ion-

F : b« IS EQOC:Hy; + H0  (21)
(acetic acid) o aledhiol)y "4 4 amly | aBetate)  (water)

: @c H,O

Name | C ge pentyl water
— ethal@ate, pentyl
H' entanol, pentan-1-0 Eetate
Molecular formula sH120 C;H140;
Molar 18.02 g/mol
=AU I IINEING S
Melting p
Boiling pomt 137.986 °C ‘ 118.1°C 149 °C

FRTANNIEN IMIINUIAY



http://en.wikipedia.org/wiki/Molecular_formula
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http://en.wikipedia.org/wiki/Miscible
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http://en.wikipedia.org/wiki/Pascal_second

According to thermodynamic properties of amyl acetate esterification system,

amyl acetate as the high boiling point product is obtained as the bottom product in a

~ ethyl terephthalate. The
lghhe conventional methods of
aMeigliguid-liquid extraction,

: fification of acetic acid with
i esterification with
sed for recovery. Many
I acfdl from aqueous solution
ase one gets an overhead
azeotrge of 1-pentanol, amyl acetate,

and water. |

2.2 Cataly@%& A )

nature of catalys‘ & easy work-up, thew purity of the products, and the

chﬂ Ao e a VNl ﬁﬁﬂ ﬂip;i:”ii

ﬂnsted acid sites in the micropores and on the external surface, and Lewis acid

in tI t 0 ) s. Doyvex i
tio eﬁ ﬁ‘ 5 4is swly idicl oratiol|
sulphonated cation exchange resin catalyst. ’
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WARSTITIS

2.3 Reactive Distillation

Integrating reaction and separation processes, reactive distillation is currently
being used as a unit operation to egh ny

limited. The two largest-scal % A f ' products of reactive distillation

technology are MTBE tert / %ine component replacing lead
'-J_ ' - -

compounds) and meth used figr the ' hotographic films).

S

version of reactions that are equilibrium-

equilibrium limitati €mby tltict"out Bfithe reaction zone and in turn
forcing the re : Versi ‘x Sellathermic reactions are
considered ideal tggfe cgfri agii : L' Blumns because the heat of
reaction can g S drive e'tion. In this case the
device makes ideg 0p lowering environmental
costs.

istillation boundaries such
as azeotropes by reaction. “istiflation ‘b ¥8S appear because vapor and liquid
have the same compos_ii'v hi A :‘; mposition change by distillation
impossible ':me : f concentrat gui ‘p)ase does not limit

s .

concentrati& -
A

As firsm active distillation systems have reached r{%ﬂity leading to large-
scale commercial‘)rﬁuction. The focus of@ic engineering research into these

systefas fhas 0. D efhid fintedr , eters are
mare §tr linked g€tluding thic_Bedrecs offifregtiofn | esigny Sgecigl problems

arismith scale-up and a general scale-up method is still not available. The degree of

RAVIAR

is a non-condensable gas like hydrogen for hydrogenation reactions or oxygen for

oxidation reactions. Strong interaction of operating parameters can also lead to much

interesting and nonintuitive column behavior making such columns harder to operate.



Finally first ideas are being forwarded to couple several reactive distillation columns

to achieve reactive separation effects.

|
"' _ /ﬂ v jon and multistage distillation to
e /Munit operation, especially suits

q@its the conversion in a

: A reactions. Along with
. : Miization, hydrogenation,
he o:" j ‘ of existing and potential

.N\' imitation, achieve high
akgration, perform difficult
dication®es a multifunctional reactor,
cient separator for the recovery or

purification of chemica g‘,ﬁ;‘; si ions such as esterification and

acetahzatn@a

allowed to reae

RONENt to be removed is
g¥odlct can be separated
simultaneous 35:: : re E y the processes with
reactive distillM il

ﬂWfJ'J NYMINYINT

A conventional conflguratlon for a chemical process usually involves two

IR TR

conditions in one or more reactors. The stream eaving the reactor section then goes to

one or more separation steps where unconverted reactants are separated from the

products of the reaction and the inerts. The unconverted reactants, in some cases, may



be recycled to the reaction section. When a substantial amount of inerts are present in

the system, at least two separation units for separation of high purity product and for

process in distillation is t\ //

—‘;

separation of the unconverted r ojn the inerts are required. The separation

Recovered
Reactants

Inerts

Reactants
and )
Inerts,

R Ct L 'g_ ’.
C'[I

ant Recovery
L% Unit

.LQ" 'll

% .,ﬂ'f ‘ - ‘ '!. ' R
/ \ Product

:"gf-f-’

Figure 2.1 Conventiofhal eaction followed by separation

A @ s coni 1or 'n,‘l‘:jpure 2.1 where a

_ yis less volatile than
ﬂ ril:l-‘
1
| in Figure 2.2. The middle section of tﬁﬁ

distillation sectlo‘ a non-azeotopic chwl system, separation of the inerts

AULINENINGINT
q mawswm Snaaay

the distillation device. A reaction occurs in the catalyst contact device and then the

reactants an'd tive distillation to this

process is sh olumn is the reactive

reacting phase passes to the distillation device for vapor/liquid contact and separation.

These two steps occur alternately. By making the steps of infinitely small size, this



configuration becomes equivalent to the first one. For both configurations, a
rectification section may be located above the reactive distillation section of the

Inert

ifying Section
“R action Section

0g Section

Products

Tical reaction using solid
A |
catalysts offers“ any advantages compared to a conventionalfprocess, for example:

AU gananingang

piping and instrumept.

q " SRRt lad Tt ]

duties.
e The maximum temperature in the reaction zone is limited to the

boiling point of the reaction mixture, so that the danger of hot spot
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formation on the catalyst is reduced significantly. A simple and

reliable temperature control can be achieved.

1 ‘ Engineering Suite.
al '\_I o pfomote best engineering
( H‘ ovation and engineering
workflow process th u the- - 0ss'{tlle enterprise. It automatically
integrates process model$=2 nowledge databases, investment
analyses, production optimization‘an
contains d@n 3

features. It%

er business processes. Aspen Plus
ff reports and other

r:’ such as petroleum

Al
simulation. =

]

Aspen PIu‘is&sy to use, powerful, fW)Ie process engineering tool for the

AUHINLNTWEINT

eng| ring relationships such as ?ass and energy balances, phase and chemical

QAR IR

behavior can be simulated. Aspen Plus can help to design better plants and to increase

Sy

profitability in existing plants.
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2.4.1 Features of Aspen Plus Program

engineering technology to maximize
Mdows graphical interface and its
é

orJi'?;- aintai Mde flowsheet.

pg\ .,‘1}- Oifitec g es,hin sequential modular,
s Y \

e aff bokh, "8l alfow as quick as possible

ptigl ‘economic  benefits
il y

yocess, from R&D

ﬁv’jou —

low users to leverage and combine the pO\;m' of sequential modular
an(‘mtion-oriented techniw in a single product, potentially
cihglic t \ a fiille at the

ﬂql u ﬂgmtﬂnmaﬁaﬂﬂﬂﬁe model.

e Compete effectively"n an exacting environment to remain comp@ve

R ANATARIINYTRY
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2.5 Estimating Costs

to estimate. Once we know the flow rate

of the raw material streamseaneithe Ui / (fuel, steam, cooling water, power,
" flow’ b of that stream. Care must be

taken that the utility-valll 2 " i aIIy consistent basis; i.e.
fuel and electricw_ densi ;_'_-._ Thigligpressure steam, which should
be more expensive. tha ' : | W have determined the stream
flows and stream te ' ipment sizes. Of course, the

The total i 'i atioh, offop8rating cost and capital cost
per year. Thet al a ua "',’ ied by Douglas, '='- is used to evaluate the
' 8l as

Rack period '

e ALl

ﬂUEJ’JYIEIVI’B'WMﬂ‘i
QW’]MﬂﬁﬂJﬂJWYJWFJ'mEI



CHAPTER 111

*v_ I )
"K\“'*-- to some conventional

Reactive disti

processes, espeualvly d as esterification and

etherification. emeved from the reaction
- ¥ II"‘ . - . -

mixture. Thus, caiVersigh ¢ e 0g-“gSterification reactions are

important synthesisgffoceésesinl ¥ f‘f'«{ | Mddsthiesiandiibis possible that the reactive

distillation prog€Ss il gro es jyssreplac8 ‘the “canventional ester production

processes. The estegfficagfo eie’h mr s f ol is one of the processes

applying reactiyé€ distiflatigh, techfiok ..j'.f 3 elis Ofe
r"" ! '

S 6 ga ic."solv .-', ') d%in\&rge quantities for various

of the most important

acetate ester which

Dl€; as andextr actant d a polishing agent and other

/ .
branches of chemical i f'{"" herS have studied the reactive

distillation behavior amyl acetate-gsterific:
> W’

applications for exam

3.1 Recove¥y-ef Dilute Acetic Acid—
w /i

"
-

—
Acetic ﬁﬁd aqueous Softtie

processes, such a in the manufacture of cellulose esters, terephthalic acid and

A OIS NS

of a c acid containing waste. Among the industrially relevant examples, the process

-
produced as by-prg‘ljjfcts of many important

for the manufacture of cellulose a‘tate from acetylatifmof cellulose by aceti@la€id,

RIS DIURAIINU TR

concentrations even up to 65% w/w of acetic acid in water (Van Brunt, 1992). The

process for the synthesis of glyoxal from acetaidenyde and nitric acid has a reiatively
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dilute acetic acid stream (typically 13—20% w/w) as a by-product. The wood distillate
contains much lower concentrations (1-8% w/w) of acetic acid (Wagner et al., 1991).

A different route is to CO : ]At acetic acid into useful chemicals such as

rchers (Xu et al., 1999; Saha et al.,
n |s used for converting dilute
60 80% as shown in the
studies of Saha et al 200 ' 2 geelaaln, 2005 explore the process
O

is an ideal solvent f ' in 8 'acid o, amykacetate and this offers great

nclude that amyl alcohol

economic pote

v b _ 0 eI g the Kkinetic data. The
pseudo-homogenei ap-et-al 1968; t alfl 1995; Rihko et al., 1997;
Gonzalez and fair, 1;) ) i -,--"1;'*: pleSEONEAo desdlibe the kinetic behavior of a
heterogeneous reaction. TiS="miodel 1S to "'the power law model for
homogeneous reactions ( &nil B04). Starting from the Langmuir-
Hinshelwogthyate Xu and C ed @ guasi-homogeneous
model to cv Elaie-the-kinetio-data-by-assuming-thai-the-surfacgsraaction was the rate-

ﬂn 10 n@* The resultant model

lf m as the pseudo-homogeneous model. Thdangmuw Hinshelwood

controlling Ste
is in the same

model and the Elw Rideal model are commo&%used when the rate-limiting step is

mﬂoummmmm e

best ults for representing etherlflcatlon of TAEE and the Eley-Rideal model for

at of TAME. Although complic ed maodels ma |®9t er results, the nun‘dI of
Q “+t ﬂnﬁ@d W Bt
t

- from datafitting, if exCessive, Can fose helrphy5|ca S|gn|f|cance

The kinetic behavior of heterogeneous esterification of acetic acid with amyl
alcohol was investigated at temperatures from 303.15 K to 353.15 K over an acidic
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cation exchange resin catalyst, Amberlyst 15 (Lee M. J et al., 1999). The kinetic data
were correlated by a quasi-homogeneous model with which the apparent rate

constants at each reaction tempera yermined. The activation energies of the

1, 51.74 kd/mol and 45.28 kJ/mol,
¥the equilibrium conversion of

acetic acid and_ the..appa ﬁf‘twﬁﬁﬁncrease with increasing

Lee etal., 20 | ieti mote's yaut Yfietic behavior of amyl alcohol
over an acidi B\ %ghas been studied. The
experiments Were ad-bedl Teg ' % from 323 to 393 K
: ’}\-.\.\‘H‘.‘»ﬂ;, 1 0 10. The equilibrium
conversion of acetj€ acig : dtodr eabe "‘"\I* & reaction temperature.

\

ela )€ % Uasi-homogeneous, Langmuir-
Hinshelwood, EleygRided nd Dodified: Jangmuir insilélwood models. It is found
that the modified La ir-k elwooc e yi pdl the best representation for
the kinetic behavior of thes HoN- oV C - ranges of temperature and feed

composition.

3.3 Applic%f)

" -
- =

k. |
The coﬂl}lpt of combining reaction and separation !\' long been recognized
(Doherty and BuydAQQZ), but rarely put 'ﬁt}commercial practice, not until the

AUTINENINEINT:

reacﬂla distillation processes is still_quite limited for several reasons. An obvious one

| tioged i, Doberty and z‘,92“e 18" t always a_conv 1
q Werniliaat e isﬁa hich i§ s tiﬁbe S @ﬁy n%]
q this way”. The scenario remains more than a decade later. After the management an

technical levels were convinced by the clear edge of reactive distillation, another
reason is that the process flowsheets seem to change from case to case.
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The recovery of acetic acid from its dilute aqueous solutions is a major
problem in both petrochemical and fine chemical industries. The conventional

ion, simple distillation and liquid—liquid

(i } nd extraction suffer from several
%0%) of acetic acid with amyl

Wﬁnt in the reaction mixture,

, o N
acetate ester, the nerexditected towards recovery of 30%

acetic acid by

optimum col i 1 fop th "x. Macetate in a reactive

' \ t 'y Meed flowrate, length of

\

catalytic sectio . male-ratio \ Io ation of feed points and

Amyl acetate has @ es as a solvent, an extractant, a

polishing agent etc. Des: ,J:;u. rol etate using pure acetic acid has

been studi d}

acetate reagfl

entioned that amyl
| operation. That is
an exact StoiChIg ces% in one column such
that high puritMJ:;duct can be obtained with an almost 100"@;0nversion, as opposed

to excess reactan &n This imposes strm%requwements on the control system

ﬂumwamwmm

The acetic acid esterlflcatlons with five different alcohols, ranking from

TSI

nve Sj
sheets gave rise to different dominant optimization variables and the TAC’s o

different flowsheets were compared. Hung et al., 2006 studied the feasibility of

recovery of acetic acid from aqueous solutions with different acid concentrations.
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Instead of separating acid from water using azeotropic distillation, acetic acid is
converted to acetate via esterification. A range of acetic acid concentrations is
o6, to 50 wt%, and then to 30 wt%. The

explored, varying from 100 wt%;
TAC analysis shows that.a's alane Iréaftive ditillation is more economical than a

flow sheet with a pre- Satant unit. | istics have been explored and

for all four difW prablegcontrol performance can be

ﬂﬂﬂ?ﬂ&l“ﬂﬁﬂﬂ’mi
RIAINTUURITINYIA Y



CHAPTER IV
ND SIMULATION

via reactive 0 parts; experimental

studies to find ( ion catalyzed by Beta
Zeolite and simulatj ie§ whith'is separa to first, batch reactor,
to compare befulfe: thesreactio "i""\ atalysts; Beta Zeolite,
Amberlyst 15 an ' at -a Ire s ':"-.:o reactive distillation in
which various, o nfi irations ‘and ape Miables of the reactive
distillation systems#fwv ifve * ofdér 10 \"'A their effects on reaction

performances as ‘well ffls theitisErergy*t mption®and economic analysis. The

computer simulationsAvere darried ot St h PIuS program. Details are given in

the following sections. .t o

4.1 Kineti
L\

A

vy

'
om acetic aﬁ and amyl alcohol can

-

The redﬂon of am
be shown below

ﬂU&Io’M%@WEJ']ﬂ?n
q RIREATRUN TN 2

The autoclave type reactor is cylindrical shape with outside and inside
diameter of 5 and 4 cm, respectively and 8 cm of height. it can stand operating

pressure as high as 30 atm. The turbine for mixing and valve for liquid sampling
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including the thermocouple are installed at the top. The mixture was stirred at the
maximum speed of 1163 rpm in all the runs to minimize the external mass transfer
resistance. Figure 4.1 showsN yb

carried out at high press ' ;
phase. §

reactor apparatus. The experiments

Speed
controller

|
Figure 4} | chematic diagram of the catalyst selection'@berimental set-up

AU INENING NS

The chemicals used in this study consist of standard grade chemicals with

rify higber than_99.5%. for gas chromatogr rati 1 reagen
Q[ Wemi al§ $8r majoff experithefitsi Tablg 4 Wide etalls affthie levgls ofip a
q suppliers. The commercial catalyst Beta Zeolite was used in the study. The catalyst

was dried overnight in an oven at 383 K before use. Table 4.2 provides the properties

of Beta Zeolite catalyst.
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Table 4.1 Details of chemicals use in the study

Chemical materials Supplier

Amyl acetate » Merck KGaA Chemical
Amyl alcoh \ , / erck KGaA Chemical

Acetic as==i-‘ QOO O—"arerck KGaA Chemical

Table 4.2 CatalystgafOpepes

Na,OfWt%a)

| LY E
2/A 3 &n I:ft
W
Surface 4 ._.'_. e._
o

Crystal Size(m)==

Mean Particle.Si

1. 50 cn‘i’o&etlc acid, 50 cm® of | alcohol and 5 g of catalyst were

wﬂ%mwmw ga.....

of I| d solutions and heated to th .e desired reaction temperature (333, 343 and 353

9 W"imﬁﬁmumewmw

that, approximately about 1 cm” of sample was drained before sampling because it
had some residue in the sampling part.
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21

Operating Condltlo .

b F

Detector e of Packing 60/80
Carrier Gas - Inje@Btion temperature (K) 443
Carrier Gas Flow rate -

) ST 3 1 Column temperature (K) 473
(cm3/min) . AXsit o L
Packed Colur | emperature (K) 473
Length of J 80
Integration Paﬁmete . ' I’,‘
Width (sec) = 5 Slope (uva" min) 30
Drift (uV.min) T DBL (min) 1000

ﬂﬂ'ﬂ’)ﬂﬂﬂ‘iﬂﬂ*ﬂﬂi

Quantltatlve Parameters

qmmnm NW’ﬂMﬁ’]ﬂﬂ

Win. Band (O:win 1: Band) 0 Window (%)
Spl. Wt 100 IS. Wt
Dilfact 1
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4.2 Catalyst Performance Comparison

experiment above, thel
400 K can be com

atm), pressure of fee SF1 atfite iure offfeed stream of 298 K, the feed

position of amyl alcohol ar ea-»‘-_;- =l #rst and the fourth stage of reaction,

respectively, total conde ___,:;'_:' ) : ; he order of column stages was
assigned frf. hg f i ge ¥ as the condenser and
stage N a e the same product

em\'h a concentration not

il

reﬁmmm TNEINT

kward reactions were necessary information for simulations. For Aspen Plus

Q‘Wfﬁ RO TI L G T G el

and Dowex catalyst in concentration om the literatures (Lee et al.,

,.1
specification the

less than 98 .." b.

Lee et al., 2000, respectively) and on Beta Zeolite catalyst from the experiment in
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section 4.1, its kinetic rate constants for both forward and backward reaction in

concentration form were calculated.

Table 4.4 Kinetic rate co

catalysts.

(4-2)

(4-3)

(4-4)

(4-5)

wal,
ot

Il
4.3.1 P‘l\JticaIe Effect of Decanter

a plqlscale unit for amyl acetate esterification from concentrate acetic acid and amyl

alcohol contains totally 41 stages ﬁcludmg reboiler) g#Rich consists of 1 rectifyih

FRIANNIMARTINEIR 18

performance of the reactive distillation system. Feed flow rate of pure amyl alcohol
and acetic acia was kept at 50 kmol/h for single reactive distillation. The reactive

distillation columns of amyl acetate synthesis catalyzed by Amberlyst 15 with and
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without a decanter (shown in Figure 4.2) were considered at different values of
reboiler heat duty (Q) and reflux ratio (L/D) to study the significant of decanter. Then,

the suitable reactive distillation used to find optimal design variables for

the operation of the reacti

organic
AmMOH —p
AcAc )]
‘) L oo -
L u.é
. ' - 'n:;:‘- .
Figure 4.2 Smgl 1 ct|v istillation L for ednparison between (a) only
% . .
reactive distil atlon ”E..:E‘.:.msf. @tion equipped with decanter.

LT T
4.3 i @onfiguration of
e T h 2
% A NJ

Ea

o .
The sirﬂﬁations of amyl acetate In an industrial scalejﬂkre aimed to determine
an optimal conflg‘aan of the system by tau into account capital and operating

ﬂﬂ&ﬁmfﬁl‘lﬁﬂ m.nf:m:;:

var| s such as the number of rectlfylng, reaction and stripping stages (using the

‘ res tof tce
|th m |he
eta

, Dowex and eollte) in a smgle reactive distillation

itable tem._co

ncefit 3|
catalyst (Amberlyst-1
column for design of the column and finding of the minimal cost. All details of
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simulations, sizing of equipment and quantity of material in this part were described
in Appendix D and total annual cost of the system was calculated from Equation 2.2.

4.4 Conversion of React%\‘ / /

conversion of acetic acid

3 IetofAcAc><100 (4.6)

(4.7)

ﬂumwamwmnﬁ

QW’]Nﬂ‘iﬂJﬂJﬁ’]’Jﬂﬂ’]ﬂﬂ



CHAPTER V
DISCUSSION

(5.1)

, the. ‘ o)t btant can be defined as;

- '
e
P e -

Vol

From the equatig

(5.2)

1 -
- -

= |

1 11
The reMion equilibrium constant in term of convﬂration reported in the
literature (Lee et a.’ ) is shown in Equatl

ﬂUﬂ?ﬂﬂﬂﬁﬂﬂ’lﬂﬁ
ammmm HRIINYIRY

Koq.a = €Xp (_1.471 + 1118.568)

(5.4)
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5.1.2 Development of Mathematical Models

The results from the

from acetic acid and angyl™® g two kinetic models; Langmuir-
Hinshelwood (L-H) aftsRowei* ‘%ﬁased on activities (aj) and
concentration  (Cj)ramableviatec ast_._H-Aq—f_Blﬂﬂﬂ-activity and PL-C for

geasslunptions; all components

' @f ghe reaction of amyl acetate synthesis

concentration.

o

adsorb on the singlge ptheCatalystls YedGtian is the rate determining

step. As a result, theg nOffthe reaktion , @ssed in term of activity and

. CArﬁAc CHZO) (5.5)
q,a)aAmAc aHZO) (56)
. nuir-Hinshelwood model bz @aotivity

ot
e

| |
- eq,c)CA CHZO)
H' Tc (1+ Ky cCH,0) @ &7

quﬁﬁw 5 o

where Kkic and ks 5 are the f‘ward reaction rated@@mstants of reaction balgdfon
‘ |
_ ranteters Based oh cOncentr nd*activity, esplctiay. . :

The activity can be calculated from the foliowing relation.
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& =7iX (5.9)

where X; is mole fraction ies i in the liquid mixture and y; is the

ing UNIFAC method (see detail in

activity coefficient which c% /fy i
Appendix A). \ ! }/

By perfor Tlal ba ance for-a-hatgh-reactor, the following equation

is obtained.
w(r) (5.9)

ate, respectively.

The mifimiziflg & u._ ealn SqU viatic SD) method was used to
estimate the kinetighars eters" ,7 N4A MATRAE program was employed to
find the best-fitted k' ic o~-— jmizelthe relative root mean square

deviation (RMSD) values e z-:‘.:::i‘.... I EC .10.

2R

(5.10)

where T-and M represent the component and the number of experiment data

rﬁt'filt.cgraﬂﬂﬂﬁw 8IN73

r Determination

q AR IBIUNIING I

to determine the kinetic parameters. First of all, the power law based on both activity
and concentration were compared to find the best rate expression for the esterification
of amyl alcohol with acetic acid. Figures 5.1-5.3 show typical results of mole changes
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with time at T = 333, 343 and 353 K, respectively. 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 tha ign gesults for both PL-A and PL-C kinetic

Mole(mol)

mbol: experiment result,

R4

Figure 5.1 Mole ."__; L

Q

ﬂuﬂﬁﬂﬂﬂﬁﬂﬂqnﬁ
RN IUURIINIAE
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0.45 T T T T T T T
0.40

0.35

0.30

0.25

0.20

Mole(mol)

0.15

0.10 -

0.05

( bo experiment result,
%: Bl A model).

Figure 5.

Mole(mol)

=g

79
q mmmmnmmma 4

dash line: PL-C model and solid line: PL-A model).
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Moreover, 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 showed a fine performance

well with the si of | -C Rimeti@unodel. In Figure 5.7, the
average RMSD . -yal#€s '

Hinshelwood activifyBased (WH/A) motic! ns the best kinetic model to

“slmiparized, the Langmuir-

fit the experimeftal reg

Mole(mol)

Time (

A mmm WEART
wwmnmummmaﬂ
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Mole(mol)

(@ymide): experiment result,
odel).

8 I 1

Tlme (hour)

ol amwwﬁmﬁh ¢)
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Figufe 5.74Avefagé les Of models
for bBth agtivity Ano.cencenirat iff@kentiemperatures
_ ) Entigentce o

The tempergiure; epen ?’? ta tsWerég@etermined by plotting the
relationships accordinglio th ----- :-ﬁi’-
Hinshelwood kinetic’ mod A .:':....z...-

equilibrium constant of ) :_;—. o
_ 2

an forib@th Power Law and Langmuir-
Jentration form while the sorption
perature can be determined by
Van’t Hoftplgt. Ei mgdels based on activity
and VT--“-ﬂ ption equilibrium of
water decreg i 4 tonventional behavior
observed in rHt of the adsorption processes. The ten@ature dependent rate

constant and the *emlcal equilibrium const t f both models can be expressed by

P ANENITWEINT.

klne model can be expressed b the Van’t Hoff equation, Equation 5.12. The

expressions of the rate constan activation enerﬁ and sorgtlon equ

QR HAIRANTING S ¢)

ki = AoexP[RT (511)




34

~Figure 5.8 Arrhenius’s (solid line) and Van’t H & plot (dash line)

AuEInEmingng
QRIAN TN ING 1Y
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3.05

ab I 01T Plot (dashed line)

Of "";‘fﬂ;l Sed ‘I.\_ el I,“'l 0
o \ '

' b A \

Table 5.1 Kineticia}" ters of - ’* f? fhodel '\ .

!

i ,f!"*
-".,i".,.

Ea (kJ mol™)

44.79
52.53
1 90.14
}l” . i"i 73.71
- 1
LH Kw AH(kJ mol™)

5.2 Catalyst Performance Comp‘ son

qRIANLAEU. ARNANLIAY

Amberlyst 15 and Dowex which could be found in the literatures (Lee et al., 1999 and

Lee etal., 2000, respectively) and by Beta Zeolite catalyst obtained from the
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experiment above, their catalyst performance at various temperature, 360, 380 and

400 K can be compared by acetic acid conversion change with time. Figures 5.10-5.12

demonstrate plotting betwee : -e ign of acetic acid and time at each
temperature. \\\ //’/
It appearsvﬁysts Qve t@ncy that the equilibrium

endothermic reaction.

conversion incr.
The equilibrium Balmest the same while Beta

Zeolite catalyst cang o yJeach the equilibrium before

Beta Zeolite

5y

1‘.‘ erlyst 15

fversion of Acetic Acid

£

=

EE, ™
-

I 4 5

3
Time(h)

f e INEnINenT-
RIAINTUUNINGIA
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il
---t I Dowex

—-— - Amberlyst 15
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5.3 Reactive Distillation Study

The simulations using Aspe lug pjogram were carried out to investigate the
LY, | y
amyl acetate synthesis frorl*aseticiadi ‘ j/ cohol in the reactive distillation.
Various operating pardfetgrs = e, reflu duty, catalyst type, catalyst

weight, number om&tageﬂld reaction=zaneawere investigated. The rate
expressions obtai \edFr0] ratufes (Lse * pnd Lee et al., 2000) and

previous study Eperformance of reactive

distillation at stan ' diti ll'_ v _ The fhand the influence of each

bfatdticNagid and amyl alcohol in a

8incetipg suit. The RADFRAC

The A '-I

4 r k' , \ \n,

reactive distillatigff i gflrri 4Sing’the AspamkEn
if o i~
A

squilibrit 3 lldtion” model to describe a

i the Iatio \1\ UMb in Aspen Plus simulation
§ : p wagkset as UNIFAC. The column
contained a total of 41 sta ed=—FFORIOD to bottom included reboiler. The
reactive distillation co if
section, 33&% &
reactions V\t A

reaction zone ﬁag tioT f reactive distillation
1
column used iasthe simulation studies is shown in Table 5.24Tang et al., 2005) with

the details of the parameters and feed Witions.

AUEANENTNEINS
AR TN INGIAE

ections: 1 stages of rectifying

iy g@tion. The chemical

’ rjactive stages of the

hlg
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Table 5.2 Preliminary configuration for the simulation (Hung et al., 2006)

Configurations

Total No. of trays inc ding ! A ' ' feed tray 5
No. of trays in strippi _ eed tray 2

f acetic acid (kmol/h) 50

No. of trays in re ‘ i 2) Qw Fatelef amyl acetate (kmol/h) 50

Reactive trays

531P|I0t ke h?E

In this part, th syn hesis @ ; bm eSterification of pure acetic acid
(100 wt%) and amyl alcoh

distillation -syste ut a dec: in Fjgure 5.13, was first

kon is investigated. A single reactive

examined te-fingd ther-the-decanter should-be-included-in &he-reactive distillation

process. TiHs4tUd ete significance of a
o |

decanter. It is Lh ted that THE pIoyed to sepaJEe the solution mixture

from a column c ndenser into the aqueous phase and the organic phase. The

Wy UL el

g parameters, i.e., reboiler heat duty and reflux ratio. It is noted that the reflux
ratio is deflned as the ratio of molaﬁlow rate of refluxgtagam (L) and distillate §lgdam

QRIANNIUARTING A E
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organic

water

> Z
> 2
|
'”/ U
y e
¥ w)
1

AmAC

&S i di a" stem fok,com between (a) only
reactive djgli ' redctivedistil A jon'eguighed with decanter.
. { I i ' ‘ \ !
3 s cactive Disti \ it Decanter

Figure 5.14 presents # feat duty on the conversion of acetic

acid for different value

heat duty r@

een that increasing the reboiler

'@all values of reflux
=

e jeactive section and

then reacted the#reaction zone and the

0.
esterification

amyl acetate, at tﬁ Beitom were observed Wn in Figures 5.15 and 5.16. The

ﬁﬁ“ﬁm AHATWHINT

eqU| ium cannot shift forward. wls noticed that although the conversion of icetlc

RTRSILININGS

was lost in the distillate stream and also from the simulation, the distillate was

tion increased. Therefore, more yield anuj‘purlty of the product,

separated into two liquid phases, water and organic. This result suggests that the use
of a decanter to separate the organic phase which contained mostly amyl acetate from



41

the aqueous phase which water is a major component could improve the performance

of the reactive distillation.

%ACcAc Conversion

RR=8

i

000 5500

e corl@rsion of acetic acid at various

ithOllt decanter).

Id of AmAC ajfB

a2\
m
o=

1000 1500 2000 iOO 3000 3500 4000 4500 5000 5500

ammnmﬂwfmmaﬂ

Figure 5.15 Effect of reboiler heat duty on the yield of amyl acetate at various reflux

ratio values (single RD without decanter).
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1
0.8
=
S
S 06
©
g 04 —o—RR=4
< = _ "%
< 0, %}RR:G
: . RR=8
\ .__H"'ﬁ-..

*1000 2800 2090/ \ B80N4500 5000 5500

!

)

ump'at farious feflixtatio valles\(8ingIéRD without decanter).
! o %
J % ;?:ié'_ 4 \\ \

53 28 gIeR ,:E: iflation 1\ Decanter

Figure 5.16 Effgpt ofgfeb "é he 5 of amyl acetate at

bottom of the gf

tVe distillation consists of organic and

aqueous phase, the Cmey ﬂ' om the distillate stream could
enhance tft 6.0 nanc ) ct. Figures 5.17 to

: jatio values on the
conversion of

“itlc armacetate in the bottom
L]

respectively. It%€an be seen that when the heat duty increasés“it leads to increase the

conversion of ace.%ﬂb and yield and moldgfgliction of amyl acetate in the bottom

AN f.tm:xtﬁmm;::::z:

while"the same conversion amour'vcould be achleveaom the way less he

Q\WWﬁﬁﬂiﬂJﬁJW\’Mﬂﬂﬂﬂ

From simulation results, the reactive distillation with decanter consumed less

Wi

energy, compared to that of the reactive distillation column without decanter since
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some solution mixture in agueous phase is separated in the decanter and drawn from

the reactive distillation column as distillate.

Total Reflux
_ —0—RR=4
" RR=10

% Conversion

W\ G800, 8000 10000

Figure 5.17 Effectfff re F:.'.:
F .,' r g - 4
#reflik ratio Malues(sing [l deCanter).

of acetic acid at various

./

o

111
—o—ﬁtal Reflux

S : 'y, -0 RR=4
AU} ARENINGINT
2000 @ 4000 6000 8000 10000

QW’]MﬂﬁﬂJW’T’mmﬂﬁl

Figure 5.18 Effect of reboiler heat duty on the yield of amyl acetate at various reflux

ratio values (single RD with decanter).
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0.8

Z Total Reflux

. — i R:

Xamac at bottom

8000

Figure 5.98 Effg tofffeb |p\h at d

bottom of the qu

H \.\ tioft of amyl acetate at
s\single RD with decanter).

5.3.2 Indus rlal cale: ‘,. ;' _ § dy of \ Optimal Configuration of

Each Catalys ,-?-;.'_r_ I3

As pointed o ﬁ- different performance due to the

difference @ [

reaction in te ; _.’ _ﬁould have different
optimal process; consists of a rectifier,

coluﬂr
a stripper, anﬁ reactive section. Obvious design paramet€rs are the number of
rectifying tray (N@)ﬂnumber of stripping afs (Nstrp), and the number of reactive

ummm A v<uli5 b el

reactive tray number.

AWaNa3 AURIINYINY

number of rectifying tray, number of stripping tray, reactant feed trays and reflux ratio

o }etate esterification

were kept constant as standard condition while reboiler duty, diameter of the column

and number of reaction tray were varied to achieve the highest acetic acid conversion,
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yield and mole fraction of amyl acetate at bottom. Mole fraction of the obtained amyl

acetate at bottom was expected at not less than 0.98 along with the commercial grade.

ca\ as introduced in the top of reaction,
tray 2 section and acetic ggid¥ as ¢ |ch both trays are in the reaction
section. As diluted acefft*ag eoL uced as by-products of many
ueou‘solut&n—%ud as a feed stream was

gn;\i : y, 2002 and Hung, 2006
TAC is defined as
des the costs of steam,

important proces
used in this sim

Rrsith of the column, trays,
and heat exchanggfs. e detailed's -R"_-. computing the TAC. In

this work, a payba ; j_«y-' .»w; ghe Gatalyst life of 3 months is also

An optimum columf ” ed amyl alcohol and 35 wt% acetic

acid was determined. Thé ..- AC calculs arried out for columns with 1

rectifying @ ﬁ mbers of reaction

= o
#)Iite. For each case,

the reboiler heﬁ:r u orﬂoduct specification of
98 mol% of amyl acetate. Figure 5.20 shows the total annuak€ost (TAC) at different
Nrxn for the case vl'tru = 1 and Nsup = 6. Itgigbvious that TAC decreases with the

PN HNINEHINT

NStrp =¥6. A similar trend is also c?served for Dowex and Beta Zeolite. Flgur WAl

WIANA S VI INYIAY

distillation column using Amberlyst 15. Figures 5.24-5.26 show the similar results
for Dowex at Nrec = 1, Nrwn = 27 and Nsyp = 6 and for Figure 5.27-5.29 for Beta

Zeolite Ngec = 1, Nryn = 31 and Nsyp = 6. It is hence observed that the optimum
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configuration of reactive distillation for the case with 35% acetic acid feed is at Nrec =
1, Nrxn = 15 and Nsyp = 6 and catalyzed by Amberlyst 15 with the value of TAC of
343,423 $lyear. Details of th | e dlstlllatlon columns of each catalyst

are summarized in Table

450

400

350

TAC($1000/year)

19

Figure 5.20 Effec#of numberof rea ’ 1 TAC using Amberlyst 15.

YA
R

|
111
‘@O—AmOH

== AcAc

Flgure 5.21 Composmon proflle for aqueous acetic acid recovery via a smgle

raction

.'A‘

\

AR
SIS

‘M

reactive distillation column using Amberlyst 15.
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Table 5.3 Parameters and results from simulation for amyl acetate synthesis by using

difference catalyst in single reactive distillation column.

Parameters Dowex Beta Zeolite

Feed flowrate (kmol/hr)

AcAc ~ 50
AmOH T — 50
Nrec: Nrxny Nstrp (SW : 1,31,6

Mole fraction in RD .4 ;
Distillate >
Xdist, AcAc 0008
Xdist, AmOH 0.002
Xdist, AmAc 0002
Xdist, H20 0.988
Bottom
Xbot, AcAc 0.010
Xbot, AMOH 0.010
Xbot, AmAc 0.980
Xbot, H20 0.000
Conversion of AcAc (%] , 94,928
Yield of AmAc (%) at botton™ 03.458 94.254
Condenser duty (kW) —t 1,368.001 1,610.345
Reboiler duty (kW) ot A o 596.159 2,203.566
Column dia ')r 0 £ 3.34
Condenserh% F'm-:—“-"_'-—“'"h 299.461
Reboiler he , BN J 327.732
Catalyst weight {eg) 575405 1,368.438
Capital cost ($1®/year) 1@.
Column 413.363 840.90 891.702
Column trays 48.987 ' 129.269 139.367
617
m»n NEMINGINT
111.472 825
5.365 1. 337 1. 574
Catal st ‘ 17.026 23. 05

QW@Q NIMIRIINYIAY




CHAPTER VI
CONCLUSION A r/RECOMI\/IENDATION
»

W2

— ’

6.1 Conclusiony“

of amyl acetate from

g liquid phase reaction
(6.1)

| 3 Y3
This work'is difiided intokts

rate of the amyl acetate est on C:

éhtal studies to find the kinetic
ata Beta"Zeolite and simulation studies
which is separated into wﬁ_w’;
results of thegreacti ree catalys

b reactor, to compare between the
Ambeptyst 15 and Dowex at

each temperature_and __second, reactive distittation —in—whi various process

configuratiohe”and distiation systems were
— [

investigated inl/ofder to find"there g reaction perfoﬁances as well as their

energy consumpti? and economic analysis. The computer simulations were carried

AUYINENINYINS

2 etic Study

RIAENIDIANAINAIEY

343, and 353 K were used in the study to obtain the parameters in the Arrhenius’s
equation for the reaction rate constant and the Van’t Hoff equation for water sorption

equilibrium. The reactor was operated at the maximum agitation speed at 1163 rpm to
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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 Poweryl i hey repeated reaction schemes of PL and
LH models were comparga® Xf MSD. The experimental results
agree well with the sinTélatign™ LH kinetic model. However,

the LH-A model Mﬂto ac‘unt ter adsorption is the best

respectively.

6.4 Reacti@i
P cohol and acetic acid

qu ﬁ' I
smtion column has been studied in this thes

process using a ﬁeﬁed Kinetic expressmum an equilibrium stage model are

FUBINRUNINAING.

para ters i.e. reflux ratio, heat wty, number of reactlve tray and type of ¢ ta st

WA A WIINGINY

this study, when the feed flow rate and reflux ratio are increased, the selectivity and

The li

in reactive di he simulation of this

conversion was decrease. The suitable reactive distillation configuration for

Amberlyst 15 consists of 1 rectifying stage, 15 reaction stages and 6 stripping stage,
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for Dowex, the column consists of 1 rectifying stage, 27 reaction stages and 6

stripping stage and for the Beta Zeolite catalyst, the column consists of 1 rectifying
stage, 31 reaction stages and ' .4 The total annual cost for each efficient
configuration for each cz alye yback year of 3 is used and the
catalyst life of 3 mont1S% ed. %_ E demonstrated that the use of
different type of ¢ alyst.in-the- ve di i significant difference in
term of TAC. IW | - performmedsi

lowest cost follo

pest performance at the

From #fe sigfulaffons sof amyl aceteté, Phodubi this work, it was
recommended th ¢ opfrating parameter: x"& as\operaiting pressure, feed stage
location, feed flow raf, mire éament unit should be further

distillation performang an‘ NNUE addffion, because the dilute acetic

acid may be present‘ in dif ranges other than 35 wt%, more

ﬂNEJ’JVlEWﬁWEJ‘]ﬂi
ammnmummmaﬂ
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APPENDIX A

W 7THOD

JL! I \} h IFAC for estimation of
activity coeffict : on the eoncept that a lic i€ '\1. e may be considered as
a solution of the s 1 units, fram-which the n Jlecllfs are formed rather than a
solution of the molec nselves tur nits are called subgroups, and
some of them are listed in ‘#he second coll #1 able A.1. A number, designated Kk,
identifies each subgroup.: | » \
properties 6F¥he ind value " Lé d 5 of Table A.L.

When it is Iﬂ-c ',,_ ,,,,,,,,,,,,,,,,

and relative surface area Qg are

t of subgroups, the

. N 1l [T
set containing \ €,.Cc0o ect set.
Il

-LIIJ'
The advanta?smhe UNIFAC method e s follows;

ﬂummmwmm

Parameters are essentlally independent of temperature.

ARSIV TA

rediction 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.
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Activity coefficients depend not only on the subgroup properties Rx and Qy, but

also on interactions between subgroups. Here, similar subgroups are assigned to a

main group, as shown in the fi d goldmps of Table A.1. The designations of

belonging to the same ¥hdin, org tical with respect to group

kameters Qracteumnteractlons are identified

palrs are given in Table

A2.

The U guation which treats
g=G" ' Vo additiv Ambifgterial term g to account
for molecular size ghd : ape ‘differences, .and s us " to account for

(A.1)

1 Qo 11" V 0 1 R
Function g° contai J_,. ers only, whereas function ¢

incorporat 'Jv Iﬂﬂ s.  For a multi-
componen;L : : Jj

X
ot

L

ﬂuﬂ?ﬂﬂm‘ﬂﬂ’m‘i

Kig

ammn%mummmw

(A.5)

(A2)
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Subscript i identifies species, and j is a dummy index; all summations are over

all species. Note thatz; = z;, ; however, when i=j, thenz; =z, =1. In these

! q! i (a relative molecular surface area) are
‘ rature on g enters through the

interaction paramet : __'ﬂperature dependent:

equations r; (a relative molecu

pure-species parameters:

(A.6)

Wﬁ'“ﬂ“mﬁﬂﬁﬁw HINT

ammmﬁiiummmaa

S =207 (A.12)
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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 (uj; - uj;)

are found by regression of bin

“‘ 7/ 7
When applied & groups @efficients are calculated by:

.==a-0_—_*.—b

(A.13)
when

(A.14)
and

(A.15)
The quantities

(A.16)

(A.17)

apﬁuﬂﬂ‘ﬂ Bmﬂmﬂﬁ
R ANNIUURIINY8Y

g =vQ, (A.19)
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(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

Subscript i i ‘ M inde rhnning over all species.
Subscript k identi S ’ ex funning over all subgroups.
The quantity v is #he n :u_' typ@k in a molecule of species i.
Values of the subgroup par; :- """ 7 melof the group interaction parameters,
amk come frﬁtab v "y 3 4.7 S parameter values.

ﬂﬂﬂ?ﬂ&l“ﬂﬁﬂﬂ’mi
RIAINTUURITINYIA Y
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Table A.1 UNIFAC-VLE subgroup parameters’

Main group Subgroup Group name Qk

[y
[N

\
E’E‘ ‘\\\\m= 1.200
7 2] E’I’ ‘E | JUN ‘.‘* gl1 1432

O OloN|ojoald D Ml WD DD DN NDNIFE PP

[EEN
o

=
[N N

[EnN
N

[EEN
w

18 39 €.H.N ﬁ32 1833 QS




Table A.2 UNIFAC-VLE Group Interaction Parame Qi) kel

Wy,

e ‘ST D
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Amk k 1 2 3 4 5 O / 14 15 16 17 18 19 20
m Name CH, Cc=C ACH ACCH; OH 3O HQ CNH,  CNH;  (C)sN  ACNH, PYRIDINE CCN COOH
1 CH, 0 86.02 61.13 76.5 986.5 697.2 18 3915 225.7 206.6 920.7 287.7 597 663.5
2 Cc=C -35.36 0 38.81 74.15 524.1 6 g b ; | .8 ] 240.9 163.9 61.11 749.3 0 336.9 318.9
3 ACH -11.12 3.446 0 167 636.1 ‘ 161.7 122.8 90.49 648.2 -4.449 2125 537.4
4 ACCH, -69.7 -1136  -146.8 0 803.2 -49.29 235 664.2 52.8 6096 603.8
5 OH 156.4 457 89.6 25.82 42.7 -323 -52.39 170 6.712 199
6 CH;OH 16.51  -12.52 -50 -44.5 266 53.9 489.7 580.5 36.23  -289.5
7 H,O 300 496.1 362.3 377.6 168 304 -52.29 459 1126 -14.09
8 ACOH 275.8 2175 25.34 244.2 0 0 119.9 -305.5 0 0
9 CH,CO 26.76 42.92 140.1 365.8 0 -169 6201 165.1 481.7 669.4
10 CHO 505.7 56.3 23.39 106 0 0 0 0 0 0
11 CCOO 114.8 1321 85.84 -170 -73.5 0 475.5 0 494.6 660.2
12 HCOO 90.49  -62.55 1967 2347 0 0 0 0 0 -356.3
13 CH,O 83.36 26.51 52.13 65.69 141.7 0 0 0 -18.51 664.6
14 CNH; -30.48 1163  -44.85 0 63.72 -41.11  -200.7 0 0 0
15 CNH; 65.33 -28.7 -22.31 223 0 -189.2 0 0 0 0
16 (C):N -83.98  -25.38  -2239 109.9 865.9 0 0 0 0 0
17 ACNH, 1139 2000 2475 762.8 0 0 0 0 -281.6 0
18 PYRIDINE  -101.6 0 31.87 49.8 0 0 0 0 -169.7  -153.7
19 CCN 2482 4062 -2297  -1384 0 0 777.4 134.3 0 0
20 COOH 315.3 1264 62.32 268.2 0 0 0 -3135 0 0

¢
R

ARIAINTAIN
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Subgroup classification for amyl acetate synthesis system

Ssystem are summarized

8 s (for ".ﬁ dtetate esterification system)”

Group i "‘:l_:,* Qk

: 0.848
CH, ‘ 0.540

- " § .A - .
on M 1.0@ 1.200

0.9200 1.400

ﬂ]ﬂ&l?ﬂ&l?’l’iﬂﬂ’]ﬂ‘iﬁiﬁi

ammnmnmmmaﬂ
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Table A.4 UNIFAC-VLE interaction parameters, an, in Kelvins (for amyl acetate
esterification system)’

CH;COO  COOH

Group
11 20
CHs; 232.1 663.5
CH, 232.1 663.5
OH 101.1 199
H,O 72.84 -14.09
CH3;COO 0 660.2
COOH -2563 0

AuEInEmingng
QRIAN TN ING 1Y



APPENDIX B
CALIB ION CURVE

------- s chromatography (GC) at
the different volume nalysis was carried out using
GC. The op aBle~4.3. The raw data of

| Retention
Componeg | .
/ Time (min)
AcAc —
AmOH 21.95
AmAC = 57.67

am aansalumingng



Table B.2 Peak area of each component at different volume from Gas

Chromatography analysis

68

PRIy

om Equation'B. me ea

volume and molecular weight.

Acetic acid at 0.2 ml;

omMponent'can be

%

alclla

ed fron de

Component
3 Mean
AcAc 0.00 0.00
195486.00 173539.33
344215.00 351677.00
552170.00 547188.33
739568.00 733520.67
%, 895129.00 915330.33
AmOH 0.00 0.00
111361.00 106060.33
229251.00 234255.00
L 385290.00 378230.67
2370 . 487061.00 502491.67
66 73:00 640454.00 650868.00
AmAc 000 -’.}"-:'r 0.00 0.00
2512.00 112718.00
7777777777 252665.00 248913.00
3p6356.00 373906.00
= %99695.00 498497.00
.00 M616707.00 650868.00
H,O 0.00 0.00 0.00
231674.67
fll SN ImYAY o
9756 798755.67
0.80 10658 .00 1079518.00 1080647.00 75345.33
o0 o o alS% 4630.00 4414000 357 75340 2174.33

"J
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1.05(%) x 0.2(ml)
60.05(g/mol)

\‘ 7797 .,
Table B.3 Data of Peal \ ‘ e acia for

le of I Ethe calibration curve

= =——— !? ——

Mole(mol) =

Volume(ml) "'_'— _re ole(x107)
00 70, 0
0.2 B 0.3497
0.4
0.6 1.0491
08 # / , |
0 4 o W N\ N\ 17485

From Table B, }' calibr: :; ‘f; : @ shown in Figure B.1

e '
r._f.f:‘
P I e o |
e e -

2.000 -

s

: £.e %
AULANENTY
ai 0

200000 400000 600000 800000 1000000

QA IRIATHNAIINLAA

From Figure B.1, the equation of calibration curve can be summarized as
shown in Table B.4;
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Table B.4 Calibration equation of each component

Component libration equation
AmOH 196 %10 ")Peak Area + 2.323

AmAC '§ : 210 “\Peak Area + 1.414

ACA O —— Mge (Mk Area + 1.068

Hzaai-_—f"i—“ Moale = ..\\ Area + 9.558

AuEInEmingng
QRIAN TN ING 1Y



APPENDIX C
KINETIC EQUILIBRI

FROML§’

e —
—

The aw [

amyl alcohol and acei#€ ac

C.1)
(C.2)
Where f = for “
Gibbs energy of £@ ﬁ"f:",w ine the equilibrium parameter,
Keg, iN terr(;)&a
V7 PN )
. =
,H| AGr =A + BT+ CT? { (C.4)
‘ L O
q’ Regression Coefficient ,
Compound ‘ = Qs

i_)

NE

AcAc  -4.360E+02 1.935E-01  1.636E-05
AmAC -5.094E+02  6.745E-01  4.773E-05
H,0 -2.417E+02  4.174E-02  7.428E-06
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When parameters are substituted in Equation C.3, we can calculate the Gibbs

energy of each compound at different temperature as shown in Table C.2 and Gibbs

rf' iyl a tate synthesis from amyl alcohol and
acetic acid can be calcul ///)Ch is summarized in Table C.3.

For AmOHGIBERIG— @ e

energy of formation of the re

Table C.2 Gibh

Compound 343 353
AmOH -147.572 -131.518  -126.149  -120.770
AcAc 369.726  -367.681  -365.633

AmAC @ 00506 203557 50 +)-272.382  -265.305
A J 226549 -226.080

H,O 17
AGpn (kd/mol) -5.22@ -5.101 -4.982
Tabl g : ion of amyl“ate at various temperatures

A'F = rxn /RT
303 3.300 592 2& 9.206u
q 333 3.003 5222 1.886 6.594
343 2.915 -5.101 1.789 5.982

353 2.833 -4.982 1.697 5.460
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The equilibrium constant in activity form of amyl acetate esterification can be
obtained from the Arrhenius’ plots between 1000/T and InK.

2.40
| o) A W\
F utﬁ 1 Arrk "“r".c Sl L 2000AT and InK
(A
Finally, the equilif it ‘71.‘ 1 m of amyl acetate esterification

can be der as

(C.5)

AuEInEmingng
QRIAN TN ING 1Y



APPENDIX D

SIZING ('M:;.\\I\“%LCULATION

Table D.1 Sizi equipment and/ at ‘\ '

Reb ATR eb

QCond

A d m2 A\ g = —
- [ ] \ " UCondATCond

I, coﬁ Bnser

e F
i A i g T
P
Rt

H[m] column hight = - H = (tray spacing)(N,, )
= ff;:‘.. bR d !

mcat [k? cararvsrweimignr
il

9P )(05) ()

- e

Iy | . {l
AUINENINYINS
RIAINTUNRIINYIAE
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Table D.2 Notation and parameter values for sizing of equipment and cost calculation
(Hung, 2006).

Parameter .

Cws [$] %“ f@rshaﬂﬁ#ﬁmex (as of 2000)

Ugeb [W/m? K]-ﬂ’e‘ rall rans icient of reboiler
ATren [K] ” /) o/ frivil galtce, of reboiler

Ugond [W/M? K] ! . 1 a1 C efficient of condenser
ATcond [K] - _ i termp e Iriv g force of

atUvghef process stream

n. Ind outlet temperature of 32

peat [kg/m°] }berlyst 15
heir [M] ‘

Capital and op@Fati 19-COs -' e ed BY following the previous work
by Douglas, 1988, Fahmy, 2(0C | J6. Details are as follows:

Capital cg@' : ) —
W

-

Column cosm M

Cost,$= iﬁ 1019D1°66H0802 218 E F m=3.67, F, =1.00
AULINUNTNGINT

RIE Asal O3 viEia

where D = diameter of the column (ft)
H = high of the column (ft)
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Heat-exchanger cost

Cost, $ = (258]101.3A° 1 Fy+F, JF.); Fa=1.350 for reboiler

Fq = 1.000 for condenser\ //f’
where A ,

{ i' f_lF i
where Cs =g st; f stear --f"-

Iﬂ rr .

Cooling cost

Catalyst cost

ﬂﬂﬁﬂﬂﬂ@‘lﬁaﬁ aplip]

Electr|C|ty cost

QW’]@%@WNWYJV]H’]&EJ

Exaimpie of calculations
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Reactive distillation equipped with decanter system for using acetic acid
35 wt% (50 kmol/h acetic acid feed) and catalyzed by Amberlyst 15

.

Capital cost

Column@'
74084
Coi ;

7] y
| ! ; l
Tray cost; - |

Cost,$ =

il ”JWVT%WEF’Tﬁﬁ

Hm-exchanger cost;

R @\1@5%3&%’]9 NYINY

For reboiler

-,

$413,363.0
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Cost,$ = (%j (101.3)(258.77°% )2.29 + (1.000+ 0)3.75)) = $89,631.5

Wy

Operating cost
-311 ‘ —‘:

Steam cost; i” ..

Cost, $/y = F'O

Cooling cos ;

hr

Cost, $/¥ .
y

J $5,365.17

So,

628,680.54 680 54

—13?6 36 +
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