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* ABSTRACT &
The obaect1ve of the present study was to establish models for the
kinetics of the transester1f1cat10n react1ons of d1methy1 terephtha1a;e
(DMT) with ethylene-glycol (EG) in the presence of cation eXchange resins.
, The study was later extended to include mode]ing-of the kinetics of these
reactions in the presence ot'homogeneous catalysts.
Exper1menta1 methanol data for the above reactions in the presence
of Amberlite’ IR-]ZO(H+) wereﬂobta1ned from a batch reactor. These pre-

1iminary data were adequateTy described by the following second order

model

[=

Na

_(.j-‘E_=kCC

A”B

=|—

for the convers1on of DMT.
| Further exper1menta1 work involved the cation exchange res1n Amber-
.1yst 15. as_catalyst. This part of the 1nvest1gat1on was a1ded by spe-
c%al]y deve]oped amnalytical techniques. Chemical ana]ysis of the reaction
mixture was achieved by gas-1iquid chromatography after hydroxy compounds
ﬁwere si]y]ated S11y1at1on was faund to be necessary in order to obtain
i ) reproducible results for the glycol esters .of terephtha11c acid. Five
g; S compaurids were determ1ned in the reaction liquid mixture wh11e a sixth
; compound methano] was determ1ned in the d1st111ate by GLC.

Data for the Amber]yst 15 system were to be obtained from a differ=
| ent1a1 recycTe reactor spec1f1ca11y designed and built for this study
P ‘ ~ This reactor had an on-off contro1 of -the-output stream which gave rise
i . - to redctor volume variability. A mathematical analysis showed that, for
-the first and second order kinetigs considered, this reactor would attain

steady state even though the reactor volume was variable. Pre]iminary

a

, data of. transester1f}cat1on indicated that the recyc]e reactor indeed
iv
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carme: to steady state. . However;\a shift tota'batch‘reactor was made:in  *

order to obta1n 1nformat1on about product d1str1but1on fast. ,f- o

» B

. The batch reactor transester1f1cat1on data obtained 1n the pres~ f

ence of Amberlyst 15 showed that,\ at the temperature of 146°C, EG de-

hydrates to a very‘s1gn1f1cant extent The 11ke1y product of EG de- .

hydrat1on ethy]ene oxide, p t1c1pates in several react1o-$%
ducts of which render the priiess unseiect1ve and 1neff1c1ent For
this reason further experimentation w1th the system was terminated.
K1net1c data of the transester1f1cat1on react1ons in the presence
' of homogeneous cata1ysts were obta1ned from the. 1iterature. Ana1ys1s ) o

of these’ data which are time prof11es of reaction produced methanol,

was prompted by the 1nadequac1es of previously proposed kinetic models , 57

w

for these reactmons. The analysis 1ed to the concliusion that oligomer- Y
jzation reactiQnS‘are“neg1igib1e for molar ratios of EG to DMT.gﬁeater

or equal to two- and in the temperature range of 175 to 197°C. . For : ‘:";‘;

these cond1t1ons the following two models were found to descr1be the -

data exceptionally well:

dNe
Methyl-Ester Group Model: - Ef—_ = 2k1NcCECB

.
) J . - - \/ "‘f
N

dt

\

holecular.Species-Modei: dm 4kchNB (ﬂA + O.SNR)/V2

-

The first model,:based on the simplified reaction of a methyl- o

ester group.mdth'ethy1ene glycol, supp11es 1nformat1on aboutrmethyl-
ester group converston on1y; The second model based on series- para1*
.TeT reactions of molecular species, provides intbrmat1on about methanol
product1on and product distribution. The two mode]s give the same infor-

mation about methanol production but the second is more comprehensive.

_h v
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LI INTRODUCTION |
g B1s¢(2 hydroxyethyﬂ) terephtha]ate (BHET) 1s the monomer from which
po1yethyiene terephthalate ‘the polyester polymer on which important
fibres are based, is produced by condensat1on po]ymer1zation
Until a few years ago the proddct1on of monomer was exclus1ve1y
-based on dimethyl terephthalate from which it was obtained by trans-
‘-esteriftcat1on)of d1methy1 terephthaTate (DMT) with ethy1ene glyco]
(EG). The transesterification of .DMT with EG is usua11y referred to as
the precondensat1on~stage;.wh11e £he step prodoe1ng polyetby1ene
terephthate (PEf) is refefeed t6 as the polycondendsation stage. A -
description of a cont1nuous process is g1ven in [1].
In the m1d 1960 S. some producers starfed producing the monomer by
. d1rect esterff1cation of pure terephthalic acid (TPA) with ethylene
glycol [2], wh11e in the early 1970 s processes were being developed
for producing BHET from TPA-ond ethyTene ox1de [3].
The two routes oflmonomer production are schedatica]ly shown in
Fig. 1.1. The DMT route invo}ﬁes one step more than the TPA route and,
therefore, is a IittTe'more{eipensive than the 1a£ter. HoweveE, the
_ecooomics of  the Eure-aéid process. are not dramatica11y favourable [2]
“and this, coupled with_the faot:that major DMT plants were built until
recent]y indjcates that the traoeeeferification route is not going to
-lose its significdnce, in the near future atllease. Therefore, efforts
aimed at fﬁproving and elucidating basic chémiqu processes along - this
path are deemed well Jjustified, and the present study deals with Soﬁé‘
aspects-of the kineties of the teensesterification reactions_io.the‘

4

- presence of'ﬁeterogeneous and homogeneous catalysts.

r

1
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e AN

Isagu1yants [4] and Yddenchich.lsj had shown that cation exchange :

Howeveg, 1t was not known whether: tﬁey were. efficient catalysts. and the

objective of the research'in this area was.to obtain some answers, in -

terms of kinetic modeis, to thTS‘question. The' cata1ysts-1nvestigated

were Amberlite IR<120'and Amberlyst 15, in the hydrogen fofm. The

investigation was prompted by the fo@Tow{no potent151 advantages offered

by the resins: ' '

- remova1 of cata1yst from the reaction product by a simple filtration
. for example, thus avoiding contamination of the 1atter, and

- economic savings effected by repeated use of the resin, which ehows
good stability of activity. | ]

-~ The experimenta] 1nvest1gation of the transesterification react1ons

called for adeguate analytical techniques in order to follow the trans-

' est1ficat10n process, and the author devoted considerable time jn

developing original and re11ab1e procedures for gas chromatograph1c

uana]ys1s of the product. In addition, the d1fferent1a1 recycle reactor,

which was designed and built for studying the reactions posed problems
about its behaviour the answers to which were obtained by means of a

mathematica] analysis of thé transient response of the reactor.

‘The effects of homogeneous cata]ysts were not exper1menta11y @ -

1nvest1gated B& the author .Instead, the data of previous 1nvestigators
were used in building adequate kinetic mode]s for the transester1f1cat1on

reactions. cata1yzed by  homogeneous’ catalysts. This modeling endeavour

was prompted by the 1nagequacy of previously proposed models, which

‘became ‘apparent from a critical evaluation of the literature.

IR

‘resins, 1n the hydrogen form, catalyzed the transester1f1cat10n Teact1ons.;% B




11 REVIEN OF HOMOGENEOUS KINETICS'4
The monomer bis\(Z-hydroxyethyll terephtha1ate (BHET) is the '
main product of the precondensat{on stage..and is formedﬂby -the
following overall- react1on,. T

cnsooc‘-@- COOCHy + 2 HOCH,CH,0H ———= (I1-1)

. § o ereanird
HOCHZCHZOOC-4(::::}-C00CH2CH10H +'% CH,0H

Other reaction%’thét proceed to some extent in tﬁis stage are of the

form '7 : | ~

CH400C —@Tcoow3 + Hocnzcuzooc —@-coocnzcu oH —=

(11-2)

CH40H + CH300C-*.-COOCH2(IH200C —@- COOCH,CH,0H
HOCH, CH; 00C —@—cnocnzcnzou.y.. HOCH,CH, 00C -@—coocnzr:ﬂzoa —

(11-3)

HOCH,CH,OH + HOCH,CH,00C ' coocnchzooc —D—coocuzcnzon

Reactions (II-2) and (I1-3) along wjth a host “of similar reactions
produce a mixture of oligomers [6,7], which are the by-products of the

precondensation stage.

-

The po]yconden;atioﬁ }eactidn that produces the polyester can be
depicted as follows: - | .
HOCH,CH,0[0C —@— COOCHZCHzo]nH + HOCH,CH,00C COOCHZCHQOH
, | | (11-4)
— HOCH,CH,0[0C -<:::::}—COOCH2CH20]n+1H + HOCH,CH,0H



-“?- ',.' ) h.._.._- . ‘. | ‘ 1. ‘ ) | . \ “':- . _ .' A. o . “ §
0 The multiplicity of chemical reactions taking place in the
o _precondensation stage can be put’into a compact form if these reactions

kd
are written in terms of participating functionai groups. These re-

actions weres proposed by Challa [8] and are given by /
o ‘ , '
Rm +g ‘_'k' =R, +m . (11-5)
R +R.2sRR+m ' (11-6)
m g, —-g . . :
. k '
e ' :fv .
Rg * Rge=2RgR *7g” -7)
k3 -
—_— . i ""/
" “where S p
* - R, = - COOCHs methyiQester end. group h
Rg = - COOCH, CH, OH 2-hydroxyethyl-ester end group i
. ‘ —~
RbR =i%FQOCﬂaCHaCOO- ethylene diester group (interunit group)
-, g = efhyiene glycol
m = methanol .
’ A
R = monomer or_polymer molecule

-React'igns (11-5), (1I-6) and (II-7) are, ester interchange,
transesterjfication and polymerization reactions r'eSpe‘ctivel_y.

The fir'st kinetic study of the precondensation reactions was
carr-ied‘eut by Griehl and Schnock™[9]. They used a slight excess of
ethyiene_glycei ar:d followed the progress of the reaction by determining
the emqunt of methanol d-istiﬂed. They found ’that,their data could be) -

P

- Yo -3




described by a first orded mode1,'i.e.. .,

E dCp - B

N e - —

Fay A..F'
v
\
ar

(11-8)

r"f"h .

where CA 19 DMT concentration and Nc is the amount of catalyst in moles

I It shou]d be pointed out that the reaction volume of this system"'

varies "with time and, therefore, the use of the rate’ form defined in~

LT

" Eq. (1I-9)

- g%& (11-9)
for the reaction rate is, strictly speaking, incorrect. fhe same form
was also assumed by all but one silbsequent investigators as will® be
seen later. The cgorrect expyession [10] for variable volume systemsis
-'._%._ggﬂ_|. | (11-10)

Also, eqqation (11-8) implies that ethylene glycol does not have any ef-
fect on the rafe.r

The above observations togethﬁf with the questionable experi-
mental procédure used by Griehl and Schnock create serious doubts as to
the usefulness qj the data by these investigators.

;MihaiI et al. [11] determined the amount of methanol e olved

during the precondensation stage catalyzed by various catalysts. They

‘found that their data could not be described by a rate express1on of

eithggffirst order in DMT alone or first order in ethylene glycol alone
or an overall second order rate expression with one order each for DMT

and ethylene glycol. They conc1uded“that the reaction order must be




: . : e
- .
Pl . ) . N ) »

. fractiona1 'They also assumed a constant yolume rate form, i. e.,(11-9)

and their data may be quest1onab1e since they used'very small quantities

of reactants (comp]ete conversion of a11 the DMT wou]d haye produced
29 of methanol). Mihail and poworkers as well as Griehl and Schnopk
tried td analyze théir data by tacitly assuming that oligomerization
reactions'do not.take place in the‘precdndensgt1on stage.

‘ Peeb]es and Hagner IIZj reana]yied the transesterification

reaction because they thought it 1ikely that the reaction foilows a

¥

mechan1sm of two competitive, consecutive second order react1ons "They

were the first 1nv93tigators to implicitly acknowledge the poss1b111ty

:,

‘that side reactions such as (11-2) and (11~ 3) take place, but to avoidw

s'r‘_

the complications arising from considerat1on of these reactions they

used an excess of ethylene q]ycoI and assumed that theSe reactions would

be supressed and wou]d therefore, be neg11g1b1e In the1r 11m1ted

exper1ments; they followed the course of transester1f1é%t1on by measuring

the amount bf methanol evolved. The analysis of their experimental data

v

was pérformed according to the following representation of the reactionf

CH, 00 ;@—coocua + HOCH,CH,0H —— : '
(11-1

-11)

HOCH,CH,00C ~( O )-conc;+ CHy0H |
o006~ O )-CO0CH,CH,0H + HOCHCH,0H ——

o (1141

2)

Hocnzcnzooc@coomzcnzoﬂ + CH,OH \

-

and the authors presented an extensive mathematicat development which,

they claimed, gave due consideration to the fact that the volume of this
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"' peaction mikture changes with conversion. ¥
Actually Peeb]es and Nagner presented their mathematical
development as a novel approach to the analysis of compet1t1ve, con- -

secutive second order systems with variable volume while the trans- =

r .

esterif1cat1on reactions were presented as an examp]e of the applic-

ability of their analysis. For the reaction system

A+B—SLeR +m (11-13)
R % B..".?.,s +m ’ . (11-14) -

-where A, B, R, S and m are pMT, ethylene giycoT, methyl 2-hydroxyethyl ‘
terephthalate (MHET), bis-(2<hydroxyethyl) terephthalate (BHET) and -

methanol, respectively, they definéd the following reaction rate '

+ f——

dCg ‘ R
- g = (1-vCg )Tk CaCq * K, Crlg] ‘ (11-15)
and v
¢ ac, .
- _d? (1 2vCy )k1 A% . | * (11-16)
J

where v is the molar volume of the d1st111ate and the terms in parenipeses

are alleged correction factors which must be applied to the rate constants.
It is clear that the authors have used the rate fonma*‘app1icable

only to a constant vo]ﬁme system when their objective was to analyze a

v&riab]e volume system. 1In addition, the applied correction %actors

do nét make up for the rate form used as the following analysis shows

in terms of Eg. (II-16). The correct rate equation for’compoﬁent_A in a

variable volume system is

A
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1:dN | N
| - ,__a,t_=k1cAc N0 )
while Eq. (II 16) when expanded becomes {\\
e . ‘\\
7. dN N, dY N -
A, A
. b — 2 kK C C .- 2¢C kCC N (TI-18)
Var 2dt 1 AB vAof-lAB \( )
By using Eq. (II—]?), the following equa1fty : . N
Na dv E -. . E *

must hold for Eq..(II-16) to be valid. SiPplificatipn of Eq. (II-19) -~

leads to N S TN o de
5 | %
. AN
L a-— -2ch°k Mo (11-20)
But since the volume was defined by
VSV vNy + VN | (11-21)
Eq.-(11-20) becomes .
" E I ' -
. : AL ‘ _ .
. ya s EakB (f1-22)

which, of course is not the same as:equation (11-17). Censequently ’
Eq. (I1-19) does not hold and, therefore, fhe rate expressions assumed by
Peebles and Wagner do not include adequate correction fe?ijﬁetvo1nme
variability. In additien, the node1s did not_account fonuyhe vafiation of
catalyst concentration, which-i;;the result of the change in volume. |

Peebies and Wagner found that their mathemat1cal~formu1as did not — T
describe their methano1 data However, in yiew of fhgiinadequate .
mathematical treatment the va]idity of their hypothésized react1on model

remained essentia]ly untested It should be noted at this point that,

4

t
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. errort(at times more than + 5%)

'their transesterification data suffer from significant experimentai

’

JIna Tater study of the transesterification reactions Fontana [13]: {i

*

criticized the kihetic ana1y51s of PeebTes and Wagner for their
simp]ifying assumption that "reactions of all higher spec1es cou1d be

neglected"”. Fontana based his cr1tic1sm not on’ eXperimentai evidence |

'iof the occurence of oiigomerJzation reactions but on the resuits of his

: ana1y51s and what he called an.adequate fit of his model to the data. He

assumed that oiigomerizatign reactions do occur.and.a fEaction modei

composed of Eqs. (II-5) and (II-6) which were considered irreversible,

i.e.,. .
R+ g=le R+ mt /oo (11-23)
| ‘Rm + Rg _Ezf_gsﬁﬂl.RgR tmrog (11-24)
H > N » - :

) where the symbols stand for the quantities defined prev1ously _He

further interpreted an assumed value of the poiycondensation equilibrium

constant to mean ‘that the rate constant ratio k»/ky is equal to 0.5 and

independent of temperature This interpretation ailowed him to derive

3e foliowing product distribution - S .“w'
PO | Rys (RPPE-0) [ 0r5ny (1125)
. & *% —) - :
and the model - v .
CY .
Codm g Ryler 05 Rg) L% et | - (11-26)
dt : T2 ¥
Y- : v T [ .
\ P . | )
d.*f_‘ o ' : b

where C is the amount of cataiyst 1ﬁ moles, “‘andjgg are methyT”ESter

T,

and glycoi ester end-groups in equivaients resﬁectiveiy, and g is

ethylene giyco] in moles. o - '

"I
L~
‘..k‘

=)
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Fontana s'k1net1c data were based on methano] ysf'time

, profi]es obtained from a non 1sotherma1 batch reactor. except for one

run’ yhich was near—1sotherma1 up to about 80% convers1on He ana]yzed

his integra] non-isothermal data by the d1fferent1a] ‘method which for e ~

any k1net1c run yie]ded severa1 values for kj. These values were then

. p]otted against reciproca] absolute temperature and the straight lines

. obtained were viewed as justification of hik assumptions. In his

ana]ysis Fontana ignored the essential requ1rement of using 1sotherma1-.

data [14, 5] in establ1sh1ng a kinetic model and used the error:prone

\\\\\flfferent1a1 method of analysis. It will be shown that his react1an and

kinetic models are, in the/11ght of the available experimental data,
entire]y 1qadequate. ‘However, the reaction model is used in a search
for an adequate kinetic model for the homodeneously catalyzed trans-

A

esterificetfon reactiansy . "W”%f

In a study of the cata]yt1c propert1es of meta] acetylaceto-
nates in the transesterif1cat1on of DMT,. Yampol'® skaya and coworkers
[16]‘used an excess of_ethylene glycol and found the rate to be first

order with respect to "dimethyl terephthalate Sorokin and Chebotareva [17]

....

‘chem1ca11y. They 1dent1f1ed the mixed ester methyl-2- hydroxyethyl

terephtha]ate, and” the glycol diester, bis-(2-hydroxyethyl) terephthalate,
but they were able to determine only“the*pFE?ﬁ{es of ethylene gTycol

~ and DMT. Their analysis showed that, di the very early convers1on stage,

. only the mixed ester was present while at a later stage both the mixed

and glycol diesters were present. This experimental eyidence confirms

the. expectation that the ester interchange of dimethyl terephthalate

Cing
F
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takes p]ace 1n a series fashion. Sorok1n and Chebotareva reported

a rate expression with ap oyerall order of four, f1rst order w1th

respect to cataly;} and ethyﬂene glycol and second. order with respect : ~

- to DMT. - However, their reported analysis is rather 1ncomp1ete and i

'.12,"'

P

.
—

. is not possible to make any critical comments about their model It

is also rather-unfortunate that they do not report any datag graph1ca1

- or-numerical. _ - ' *

Tomita-and Ida [18] obtained DMT conversion data by

determ1n1ng on1y the amount of methano) evolveds. They used a batch

reactor andlon]y an initial molar ratio of ethy]ene g1yc01 to DMT equal -*

to two. 1In analyzing“their data they claimed, w1thout experimental

less than two and stated: that the react1v1ty of methyl ester groups

evidence, that _oligomerization reactions take place only at molar ratios

on

DMT are equal. The latter argument, they said, was based:on stud1es of .

mode]l compounds while Challa's experimental work on the system under

*

discussion had yielded the same,conclusion directly. Tomita and Ida

proposed to improve Peebles and Wagner's treatment by inciuding the

LI
catalyst concentration in thg kinetic model which had a]ready been

. \
 considered by Fontana. Theyﬁgssumed the following reaction model

. .

- COOCH3 + HOCHCHpOH ——> ~— COOCH2CH20H + CH30H (11-27),

and a rate equation of the for‘m (Eq. (8) of [181)

" N 2
o dCy "o |NA A Ny

— =K
ey 2y ¥R

—# (11-28)

The latter is, of course, inappropriate because it is based on the rate



b

‘ ~ form applicable to a c:;;;ant yolume system, 1 e ’ form (II=9) instead

of (11—10) " Howevyer, ita and Ida's model passed the 1ntegra1 analysis.

test, and this apparently led them to be11eve that they hadkfndeed
assumed an acceptahle model. It must also be pointed out that tests of
theif mode1‘;:izt:::;;73ted to data obtained at an injtial molar ratio of
ethylene glycol to d1methy1 terephthalate equa1 to two.

Finally, various catalysts were studied by the previously
mentiﬁned 1nvest1gators. These catalysts were mainiy zinc, manganese,
magnesium, calcium, tin, and antjmony aéetates,uﬁead pxide, and_zinc,

cadmium, manganese and copper acetylacetonates, and zinc stereate.

Yampol'skaya [16] reports the following méchan1sm for the action of

acetylacetonates: )
?CH3
. /\— - '
CH30§-@-$60CH3 + In(Cairda)e —— CHsﬂgg"ﬁ HOCH,CHaOH

u;? : 2U(55H702)2

QCHs <CH4OH -
cH Otlll—@? 0 CH,CH,0H —— CH,0C _@-E...ocﬂzwzm
I |
.0 O H ' 0 0—+

Lr“¥j§§ 4
b © ~In{CsHs02)2 CHa0C _@—COCHZCHz(]H /
R o I

7 ! 0 0

. 3
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III PRELIMINARY INVESTIGRTIﬁ-erH AMBERLITE IR 120 Lo
In.a preliminary study [19] of the.transester1f1caf1en reactions -
between d1methy1 terephth&late and ethylene "glycol in the presence
of catioﬁ/exchange resins, AmBngite IR-120, in the hydrogen form,
was, usey as catalyst and the investigation was carried out in a batch
reactor,

A.. Experimenta) /o ’ -

The cation exchange resin/aAmber11te IR- 120 had a total capacity
of 4.6 milliequivalents of” hydrogen 1on per gram dry resin and a bead .
size range of 16-50_mesh. Tﬁe herogen form g;:ihe resin was obtained
by regeneration with 5% sulfuric acid. ] )
* The reactants used in the study were dimethyl terephthalate
(m.p. 140-142°C} and ethylene glycol (Fisher "purified” feagenf).
A series of experimental runs was carried out with different
initial molar retioﬁ of reectants and a known amount of catalyst in a
batch reactor. I ®
The batch reactor, a three-necked 200 ml distilling flask, was
fitted with a jacketed Vigreux column for séparating methanol from the
vapour phase. The methanol condenser was connected to the Vigreux
column with a 75° conneeting tube having a thermometer opening at the
top and to the receiver by means of a 105° two-way connecting tube of
vhich the suction opening was fitted with a short tube filled with
calcium chloride. A1l joints were of ground gl@ssﬁ Mixing was induced
by a stirrer and reactor temperature was regulated at 142°C by a
thermostat controlled bath accurate to + 0.1°C.

In a typ1cel run, the reactor charged with ﬁHT and ethylene glycol

& N »
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was 1mmersed in thefg;tﬁ and'enbugh time allowed for the miiture:to

&form a clear melt or solution. Then 5 ml of methanol was added to the
fgactor to br1ng about‘equ111br1nﬁ in fhe'system and, thus, avoid

~“-accumulation of reaction produced methanol in’the 1iquid and vapéur

¥ phases. The preheated catalyst qu‘ihtroduced to the reactor when’
d1st111af10n of the added méthanol was nearly complete. The méthanol
produced was condehsed and cﬁ]iected, and the progress of the'reaction
wasi?o1lowed by weigh}ng the amoynt of methano] as-a function of time.
| Experimental data are given in Table C.11 of Appendix C. They
were obtained with m121ng rate adjusted so that -eXternal mass transfer
effects ‘were neg1igib1e; but the effect of intrapart1cie diffusion was

"'—.? . y
not investigated. : N

B. Analysis of Preliminary Data

£ .
In order to overcome difficulties arising from the possible side

reactions and the liquid volume change with time, the pre11m1nary
kinetic study was restricted tb the Tower conversion regime. This
restriction shoqu'render the effects of side reaction§ and vo1ume
change reTatively 1nsignif1cant

The foi]owing assumptions were made in the-data analysis

a) reaction volume change was neg]igible

b} side reactions were negligible, ahd .
_ c) 1ntrapért1cle diffusion effects were not significant.

Based on the second assumption, the only reaction to be considered

in the kinetic analysis was reaction (II-1) which is here rewritten as

A+28 —> S + 2m+¢ (111-1)
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- where A, B, S and m stand for DMT, ethylene glycol, BHET qndlmethpno1,

,respectively.a

* A mass baiance over reaction (1II-1) shows that

+

200 Nl = Ny Mg e Ny (111-2)

which, in terms of DMT conver;ﬁén, yields )

N, (h2x) - T (111-3)
-] ) l . ‘l

N =2xN (111-4)

m A. -, :

k3

- NA)/NAJzan? M= NBo/NAo is thg injtial molar ratio of

"

where x = (NAo

reactants i\\ﬁ .
\ The following rate expressibns were tested for gocdness-of fit to

L]

the data: :
1 dNA ‘ S
T a-t—- = ‘kGA . (III"BT
. . S
1 dNA
W aT = kCACB _ (I'II-G)
| A - Kl . (111-7)

where W is the amount of catalyst in grams. These models may easily be

expressed in terms of DMT conversion, and the'transformed equations are
dx__kH —
Fe7 Qxt - (111-8)

dx kHNA .
" dEC "v:g'z& (1-x) (M-2x) (111-9)

DA
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. where Vo, the initial reaction yolume, is given [13] by. . a

L]
v

s v (-x)(M-2x) - (111-10)

Yo=0,1915N, + 0.0606N . (111-11) :
-] -

A Bo

and x my be ca1qu1§ted from the “amount of methanol evolved according

to £q. (111-4). q |
STnce.the{k1net1c data were’integral data, the models given by

Eqs.(111-8},(111-9) and (II1-10) were 1ntegrate&?ﬁby the method of

separation of variables,.in order to apply the standard kinetic analysis

- method. For Eq.'(III-Q) the integral is given.by

¢ -

N 24Npo
Vo

- - (0x) = 1*k( yt o (111-12)

for M équa] to tﬁo, and )
. (M-2x) M ’ WN, {M-2) )

In Lzpry 3510 (2 k =] , (111-13)
fqr‘M different from two. Then, plotting of the left-hand side of either
Eq. {I1I-12) or Eq. (I1I-13) should result in a straight line i% the
assumed ﬁodel js adequate. Similar expressions resdlt from the other
two models. | ) “

Least-squares anﬁ]ysis of tﬁe integral equatio;s showed that the
second order model, Eq. (I1II-9) or (III-6), deﬁé;ibed the data best.
Figures III.1 and III.Z.#QE; the experimental integral values plotted

against time for yarious experimental conditions.

o



-

- Dy

"

-

1/(1-5

18
e ‘ -~
i .J““-.
150 _
a 1.
1.40"7
1.30
1.20
‘;e‘-\_.
1.10
1.00 1 i N L \ 1
Qo 100 200  30Q 400 500 60.0 700
2  TIME. min —
;
_ X
Ay b
Fia. 111.1  Second frder Integral- Values vs. Time »
]

&g



10 .
035
0.30
0.25
4
—— 0.20
| —_—
o b4
| L
2,
o
K]
0.15
y:
0.10 -
2 M=2.5
O M=3.0
O M=35
0.05. L ) 1 .
" 00 200 40.0 . 600 80.0

Fiq. 1I1.2

TIME, min ——

Second Nrder Inteoral Values vs Time

f

/

Cf




" - ’ R 8 | ‘-' . . 20

[

The rate constant k was estimated from the leastwsquares estimate
of the slope of the Tine through the data and was found to. have an
" average value of 3.3 x 10'6.lzl(mo1E)(m1n)(g-res1n) at 142°C and in the:

presence,of Amberlite IR-120 in the hydrogen form.




IV CHEMICAL ANALYSIS -

c . . .

The 1{terature survey in Chapter II shdwed that practically
nong of the previous kinetic investigations of the transesterification
reactions involved determination of chemical species other than methanol.
The only 1nvest1gafors who attempted such determinations were .Sorokin
and Chebotareva [15] but their analysis was 1imited to dimethyl
terephthalate and ethylene glycol. Under these restrictions, the kinetic
model building process for a complex reaction system, such as tﬁe DMT
transesterification présumaply is, must necessarily rely on external,
reﬁevant ev1deﬁce or reasonable assumptions in order to develop adequate
rate expressions.

For the dforementioned“#eigaﬁg; the present author conéidered
chemical analysis of the transesterification, prOdUcts”vefy desirab1e;
and consequently took'pains to develop suitab]F aﬁd relijable analytical .

techniques, mainly in the area of gas-liquid chromatography.

A. Gas Chromatographic Analysis of the Liquid Product

The liquid product is defined as the mixture of transesterificatioﬁ
'compouﬁds other than methanoI._wh1ch, péqause of low vd]atility; are
in the 1iquid phase at the usual transésterificat1on temperatures.
Although complete chemical analysis of the reaction prpddct youid be,
virtuaily impossible the author believed that determination of as many
chemical components as pqssib]e was necessary"ip order to establish
adegquate kinetic models for the precondensatioh7reac;ioﬁs catalyzed by
" cation exchange }ésins. |

It was decided that the required wide range analysis of the T1dﬁ¥ﬂ“
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product could, -best be‘achieyed by gas-liqh1d'chromatograp _kggg)*;w.:
Some of the compounds wh1ch can be and were [20] aetermined by GLC are:
DMT, EG. methy] (2-hydroxyethyﬂ) terephthaiate (MHET}, BHET, and
diethylene gTyco1. a polymerization product of ethylene glycol.

1. Experimental "

‘ _ Pre11m1nary gas chromatographic analyses of bis- (2 hydroxy-
ethyl) terephthalate us1ng Carbpwax 20M,, Ucon 50 HB 2000, Silicone oil
DC-200, Silicone oil DC-550.and Apiezon L as 1iquid phases on various
solid supports under varied experimental conditions were not succéssfu];
either because the compound did not elute or because reproducibility
was poor. To overcome these difficulties, silylation [21-24] of the

hydroxyl groups before GLC analysis was undertaken and this technique

led to excellent results.

a. Chromatographic Equipment and Operating Cond1t1ons

The gas-liquid chromatographic ana]ysis was carried out
using a Yarian Aerograph, model 1520(c), gas chromatograph equipped
with a linear temperature programminé module and dual flame fonfzation
_ detectors. |

The column used was 2 ft by 1/8 in. 0.D. packed with 10%
Apiezon L on Chromosorb G A/W DMCS, 100-120 mesh. The flow rate of
the nitrogen carrieg Qés was set at 31 cc/min measuredzgt thé‘holumn
exit and at room temperature. .

“The temperatures of the injector port and of the fonization
detector reqion were kept at 280°C and 300°C.respectively, while that of
the oven was held at 90°C for Gokﬁecondthfter sample injection and then

Tinearly raised to 270°C at the rate of 20°C/min. A piece of aluminum

e e
s



foil placed between the Teflon 1ined septun used and the injection port

slowed down degradation of the septum considerab]y, and chromatograms
were free from septum decomposit1on product,1nterference

b. Reagents and Preparation of MHET

High purity-dimethyl- terephthalate (99.9 + %) and ethylene
gh purity hy P hylene .

~glycol (99 + mal%) were obtained from A]dnvch Organic Chemicals.

b 0

Bis-(2-hydroxyethyl) terephtha]ate was obtained from E.1. DuPont de
Nemours and Co., and it was further purified by recrystallization from
methanol.‘ Diethylene glycol and 1,4-dioxane were supplied by Fisher
Scientific Co., while the silylating reagénts, i.é., trimethylch]orosilané
and ht.axamethy1dis;l1azane were procured fromPierjce_'Chemical Co. Methy]- '
- (2-hydroxyethyl)' térephthalate was prepared from BHET by partial alco-
holysis. f o e ' |

d The procedure for partial alcoholysis of BHET, though
similar to that‘reported by Kudrna and Pavelcova [25], was established
using sequential factorial experiments. To 2 preheated 0.7M solution
of BHET in methanol, encugh 0.1M methanolic NaOH'was added to yield a
final concentration of 0.007M NaOH and thexféabiion was allowed to
proceed for 80 seconds at the reaction-ieﬁperature.of 40°C. /The
alcoholysis was frpzen by neutralizing ﬁhepalkali wi;h O.UTNfﬁquous
HC1, which caused precipitation of the DHf produced:% The precipitate
was filtered off and discarded while the filtrate was evaporated down to
a melt which was dissolved in CHC1; at 69°C. The first crop of crystals
from CHC1, at poom-températuré was mainly BHET while the second crop at -

4"“

0°C‘ua§ﬂmpin1y MHET. The latter was recrystallized from 1sdpropy1ﬂether¢“’ -

and the crystals were dried at 50°C. The pr thus . obtained had a |

- /‘-



“ melting. po1nt of\30-81°c which wes in.close agreement wtth the:t'i'w
reported by Zahn and KrzikaT]a I26], and it was 1dent1f1ed by NMR
spectroscopy (F1g . J) The purity of the product was found to be
99% by determ1n1ng the BHET 1mpur1ty by means of the GLC bracketing o

technique

c¢. Silylatioen Procedure

The solvent used to dissolve both synthetic mixtures of
the quantitat1veﬂy determ1ned compounds and the transester1f1cat1on
product was a solution ofe1.34 g of bibenzyl (the internal standard)
in 100 ml 1,4-d1oxane. Synthetic @1xtures were dissolved in 5 ml while
the transesterification product wa% dissolved in an approphiete volume
of solvent (&s determined by tota1;samp1e maéﬁ"and’coove;sioh stage).
Silylation of dissolved compoundsgwas achieved by using hexamethyl-
disilazane thDS) and trimethy]chl%rosi1ane (TMCS) taken in the volume
ratto of 2:1. To thie end, 0:4.mllof solution were transferred to 2
screw cap septum vial coftaining a mixture of 0.8 ml HMDS and 0.4 ml TMCS.
The vial was then sealed us1ng Teflon-rubﬁér laminated discs, and its
contents were simmereg.foh_;.few minutes on'a low temperature hot plate.
After coo1ingg‘the vial was centrifuged in order to separate the
precipitate, presumably ammonium chloride, and the clear supernatant
1iquid was sampled using a 5 ul syringe. Chromatograms (Fig. IV.2) were

obtained by injecting one microlitre of silylated sample under the -

previously stated conditions.” Table IV.1 lists relative retention times. ...
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mixtures, whose composition was a randomly chosen combination of the

éfour preassigﬁedllevels bﬁ each compound. Peak areas were determined

Iy.1 Co \‘

TABLE K
Relative Retention '
Compodnd -Re1&t1vea
.Retention -
-S| 027 >
. bEg - s | .56 |
i “oMT 0.97.
e 1.00° .
ﬂrz'r..-*} MHET - TS 1.25 @;%
BHET - TMS 1.63 - L

a Values refer to retention time of bibenzyl

of 490 seconds

b TMS denotes trimethylsilyl derivative

Correlation of Data and Discussion

Calibration curves were esf@?fished using four synthetic'

using a mechanical integration module (DISC).

of solvent was not constant, as in the case of synthetic mixtures, but
,ya?ied_in order to dissolve the sample and bring comgonent-concentrations

within the calibration range. This variability in solvent volume made it

In the case of the transesterification broduct the Joluﬁe‘

necessary to correlate the ratio of component peak area to that of the

internal s?andard with-component concentration . However, component

jycontentration could not be determined since the total solution volume

%

Z
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could not be measured. Peak ratios were, themefore, correlated with
- component mass.per mi1114tre solyvent used and the’ following development
Justifies the approach, Since peak area 1s proportional [27] to
concentration in injected sample, we have for the 1th compongnt
' L
A =f C =f miyb oo IV-1
o G (v-1)
. o _ i}

-

and for the 1ntérn$1 standard -

" = m. b ‘ -
AS ?fsgs fS (V_S) b . (IV 2)
t

where A §s peak area, f detector response factor, C concent?ation in
silyTated sample, m mass (g} in solﬁtion befare silylation, Vi total’
volume of solution before silylation, b a proportionality constant
accounting for the dilution by the silylating reagents, and subscript

i denotes quantities for iih component while s denotes those for internal

standard. ‘Uq;¥d1ng Eq, (IV-1) by Eq. (1V-2) we have:

-

b = A f m
i i i
=== -_— (1v-3)
A (f m
3 3 s
and since-
mg = Cs Ve (Iv-4)

'ﬁh where C¢ is the concentration (g/ml) of internal standard in the solvent,
a fixed quantity, and V¢ the solvent used to dissolve the samﬁie.'Eq.(IV-3)
becomes ' |
4 - | Aol o™

"

(1y-5)
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The bracketed term in Eq. (Iy-5) is constant and, therefore,
peak area ratios correlate with component mass per mi1{litre solvent

used according to the simple model of 'a 11ne through the orfgin.

Lest squares analysis of thc~expér1menth1 data (given in

Appendix A) showed that the model . .
A ‘
1 my -
CGhe oy () (-6l
Ag Ve

explained more than 99.8% of fhe variation in the data and, tﬁergfore,
‘correlated the data very well. Table IV.2 éfves some regressiah

: statié#?cs while Table IV.3 éives estimates of the experimental error
" in the{peak area ratiqé: Unknown compositions were calculafed from
'Eq; f1v-6) using the least squares estimates of the 84's anJmtﬁgE
experimental values of peak area ratios and solvent volume uspd;

TABLE 1V.2 )
ReuressioﬁLStatist1cs -
Compound Correlation Regression Coefficient
Coefficient .
Least Squares 95% Confidence
, Estimate - Interval
EG - TMS. 0.9984 31.78 31.36 < 8 < 32.20°
DEG - TMS ~ 0.9989 78.30 77.43 < g < 79.17°
| oMy 0.9998 - 38.15 37.91 < 8 < 38.39°
MHET - THS 0.9990 R 43.41 < 6 < 43.82°
BHET - TMS 0.9971 |- 46.46 45.72 < 8 < 47.20°
’

a Based on 21 degrees of freedom

b Based on 22 degrees of freedom
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TABLE IV.3
Experimeéntal Error
¥
Compound Mean Peak Experimental
- Area Ratio - Error, & °
EG - TMS - 0.499 - 0.017
DEG - TMS 0.245 | - 0.007
DMT | 0.635 ~0.011
MHET - TMS 0.713 0.018
BHET - TMS 0.779- 0.032%
— € The previously mentioned si]ylating'prccedurg and the

- . £
volumes of silylating reagents taken assured a minimum 13:1 excess

of silylating groups to those to be silylated. Factorial experiments

at half and double this ratio did not show any sigﬁificant;gﬁfeéts.

30

" Experiments showed that silylation was very fast and under

the experimental conditions it was complete within one or two ﬁinutes.

Retention times and calibrations were checked periodically

and fdund to be stable. Analysis of the instrumentation set-up showed

that in all probability half of the already low experimental error

was caused by the inaccuracy of the mechanically activated _integrator

system.

y—

B. Gas Chromatographic Analysis of Diggj]Ig}e

The dictillate {s defined as the hixture of methanol and other

relatively volatile components which might possibly distill\?ver during-

the precondensation stage. O0f all the previous investigators on]y
3

Griehl and Schnock [9] referred to the analysis of the distillate.

"They based this analysis pn refractive index variation with ethylene

e
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-g1yco1 content. 'Présum&b1y. the other » seﬁréhers found the dist1i1§te
to be virtually pure'methano1 w1thout 7)port1ng 50, | | ;;’;,
In the preliminary kinetic study by the &nthnr it was
.assumed that the distillate was pure methanol. However, in the later
study the foilowinggexpérimenta] techniques were established for
analyzing the distillate by gas-1iquid chromatography. |
1. ‘Exgerimenta1

since there was no knowledge about the components of the
distillate, its analysis was developed dccordtng to a trial-ang-error
procedure. Firstly, a suitable GLC column had to be found. which would
adequately and completely resolve the sample, and, secondly, some or
all of thy resolved compénents had to be identified.

After a few preliminary trials with different colamns at ‘
various temperatures, it was found that a column with 10% Ucon 50 HB
2000 on Chromosorb G, A/W, DMCS, 100/120 mesh adequately resolved the
distillate sample at the column oven temperature of 70°C and carrier
gas flow rate of 18 ml/min, measured at the column exit. and at room
temperature. The carrier gas used was nit?ogen.'

The gqs-]iquid chromatographic analysis was carried out
using a Varian Aerograph, Model 1200, gas.chromatograph qu1pped with
an isothermal temperature module for control]ing‘the &ven temperaFure.

For the distillate analysis, the temperatures of the injector
pOrt;'the oven and the ionization detecgor region were kept constant at
200°C, 70°C and 210°C, respectively. |

A chromatogram of a typical distillate sample is shown in
Fig. Iv.3. This clear]y 1ndicates the presence of components other than

methanol' in the sample, Identification of some of these compounds was
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ach1eved_bf-hypo;;;:;51ng reactions which ethylene glycol might
undergo, and compdr1ﬁg the retention time of'the,nmjor produéts of
the aﬁﬁumed react1ons with ;etent1on times on the actual distillate
chromatogram and/or add;hg thé pure compound to the distillate,
obtaining a chromatogram and comparing it with that of th§;d1st111ate
alone. These are standard gas chromatography identification procedures,
and they led to the following identified compounds in the distillate:
methano], dioxane, 2-methoxyethanol, ethylene glycol, while no attempt
was made in 1dent#fy1ng‘other compounds indicated in the chromatogram.
Calibration experiments were restricted to methanol and
followed the general procedure for the GLC analysis of the distillate.
The distillate.was sampled with a micrd]itre syringe, fifted with a
Chaney adaptor, by means of which 0.3 ml were dispensed into a
preweighed vial. After weighing, the sampie ﬁas diluted with 3 ml
dilutant_rbjch was made of 5 ml 1-propanol diluted to 100 ml with
isopropy! ether. One microlitre of the diluted samplepwas injected
into the chromatograph and a chromatogram obtained undéf the previously

-

stated conditions. )

High purity methanol 99.9 moi% and purified 150:;FBEQT-ether
were procured from Fisher Scientific Co., while reagent grade
n -propyl alcohol was obtained from Anachemia Chemicals Ltd.

2. Correlation of Calibratiompata

‘Thé calibration curve for methanol was established by using
;pree different standards of methanol. Peak areas were)measured by a
6isc 1ntegr§tof. ' . o
The experimenta1 procedufé was'established in a manner’which

4

v
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- ensured that the mass of internal standard was constant and, thereforé.

Eq.(IV-B)'becom;s : - 7
A Ty o
i .,(‘_.L)-m - (1v-7)
A fmg /. . .

‘and since the bracketed tefm is constant, Equ.(IV-7) shows thaf pe&k area
ratios plotted against meihanol mass,shqq1d result in a straight line
‘through the origin. - |

Least squares analysis of the calibration data (given in

Appendix A) showed that the model

(':—‘j 8 m . (1v-8)

11 and explained 99.98% of the variation of

described . the data very
the data. The 95% confidknce interval for the regression coefficient is
< B <877 | (1v-9)

with seven degrees freedom, while the experimental error is

g
- estimated to be ¢'= 0.014

C. Product Characterization Analysis

In the course of the fnvestjgation of the—transesteﬁification
reactions it was found necessary to obtain additional information about
the composition of the liquid broduct. This was necessitated by'the
fnability to establish meaningful material baTances in terms of a few _
chemical species and was achieved bj especially treating the liquid
product and, subseﬁﬁeht]y determ1ning either functional groups by wet
analysis ;;'Seieéted compounds by means of gas chromatography. The
following progedures,and analyses were applied to the 1iquid product of
run R-1138-702 only,
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1. Total Carboxylic: Gr0ups T

]

2.5 g of 11qu1d product or left-oyer mass was dissolyed in

a mixture of 40 ml Z—propanol 10 m 1 ,4-dioxane and 5 ml methanol at
65°C, while a blank of the same total solvent volume was kept at'roomw
_temperature. When the sample was dissolved 50 ﬁ] of aqueous 1N NaCH
was added t0fboth the sample and the blank, and saponification of the
liquid product was carried out In thermostated water bath ma1nta1ned

at 65°C for 2; hours. Then enough distilled water was added to dissolve
the precipitated salts, ap equal volume of water was added to the blank,
and the remaining sodium hydrdxide was titrated with 0.5N HC1 to the'
phenp]phEha1e1n end-point, The difference between added and unreacted
NaOH, corrected according to the blank, was used up in saponifying

the sample esters. This difference is equal to total m1111equ1¥g1ents
of carboxylic groupsjin the sample. From the latter the amount of DMT
fn the original sample could be obtained and comparég-with the amount

of DMT weighed.

2. Tota) Free Carboxy]ic Grouos

1.% g of left-over mass was dissolved at room temperature in
75 ml 1,4-dioxane and 25 ml methanol and a blank of the same volume was
prepared. The sample solution was cooled down to 0°C in an ice bath
and titrated with methanolic 1N NaCH to phenolphthalein end-point. The
blank was simi]ar]y titrated, Tﬁe difference between the NaOH volumes .
used for the sémpfe and the.blank represents milliequivalents of free

carboxylic groups in the sample.
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3. G]xgo]%”&n saponified Product : )

2.5 9 of 1efttoyer mass were s§p0n1f1ed according to the
“procedure giyen in section 1V.C.1 and upon cooling the white préc1p1tdte
| was filtered off with a Buchner funne! and washed with 25 ml 2-propanol.
The filtrate was neutralized with 2N HCl1 and was furthér treate¢Ato
prepare samples for GLC analysis. This treatment was aimed at removing
the water, added in the saponification step, which is objectionable in
the silylation step. ) .

To the neutralized filtrate 50 m! 2-propanol were added, and
the resultant stUt1on was év;porated down to 25 ml on a low temperature
hot plate. The concentrated solution, thus, obtained was diluted with
25 ml 1,4 - dioxane, and the precipitate formed upon dilution was
filtered off aﬁ& washed wifﬁ dioxane. After d%sso]ving'1.34 g of bibenzyl
(the internal standard) in the filtrate, its voiume was made up to leg_ml
and the resultant solution was ready for silylation and chromatographic

analysis according to section IV.A.

ﬂ‘

-



Y EXPERIMENTAL EQUIPMENT AND PROCEDURES

| The‘fnvest1gat1on_of the kinetics using Amberlite IR-120 was

1nterruptgd In order to embark on a more ambitions project: The atm of
this project was the estab]fsﬁment;of u,conc1nsive;mode1_dqfff1b1ng the
surface phenomena of the traﬁséﬁté&1?1c§tioh react1ons catalyzed by cation
gxchange resins, | - -

In the pu}suit of the above objective a continuous flow reactof
was to be used in obtaining kinetic data. The data aguisition program
 was to draw heavily on statistical experimental Qes1gns and exteps1ve
chemical analysis .of the tranéesfer1ffcat%on prodhtts while mode]l dis-
cr1m1nat1on t&chniques were to be used in developing the kinetic model{s).

Because . of ‘the.gel-1ike structure of Amberlite IR~ 120 which might
' not allow ut1112ation of 1nternal exehanqe capacity, it was decided to
study the transester1f1€%t1on reactions catalyzed by Amberlyst 15. The
Tatter 15 a macroreticu]ar resin with average pore diameter of about 180
Angstrom units, average surface area of 47 m2/g dry resin and total exchange
capacity of 4.8 meq/g dry resin [28].
A. Differential Recycle Reactor

The Timitations of ‘a batch reaétor system, mainly due to the
complications caused by fts transient nature, made use of a continuous
" flow reactor very desirable. Actually, it was dec1ded to go one step
“further, that‘is; to.design apd build a differentiaT recycle or re-

' circalation reagtor,'a schematic of which 1s shown in Fig. V.1. The

differential character of this reactor is established by adjusting the

recycle volumetric rate, X, to be much larger than the feed flow, Vo.

.37
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Fig. V.1  Schematic of Recycle Reactor

Use of differential recycle reactors ié kinetic studies of heter-
ogeneously cata1yzed=reaétions was proposed by Dohse [29] and Hougen [30],
and various designs have been advanced by Perkjns and Rase [313,

Boreskov [32], Korneichuk [33], Butt et al. [34] and others. The

experimental researches of Perkin and Rase and Buft et al. have demon-

strated that this reactor does offef signifiqant-advantgges in obtaiﬁing

accurate reaction rate data for kinetic model building: The attractive
~ features of a differeptigi recycle reactor are [31,p35]:'

- a direct méasure‘df the reaction rate is obtained with'each‘experi-

mental rur at steadv state,

-

- the large changes in concentration across the reactpf-lodp minimize
g the effects of errors in analysis of inlet and outlet stream com-

Q&§t§,4£’__whv¢,//,"pritionS’ giving accurate and precise rate measurements, and

good témperature contrel is obtained with appropriate'recifcu1atioh%§

rate

g 3 .
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- and hetd tanks as well as the oil baths by su1tab1e'tubu1ar heat1ng

W =
while its disadvantages are a pro]onged trans1ent period and. possible\

‘\.,. :

difficulties in- ascerta1n1ng whether steady state cond1t10ns have
obtained.. The latter would be.expertenced in cases where.fastrchemica1

+

analysis is nogépossﬁb1e.

1. "Recycle Reactor Design »

The design of the recycle reactor dealt with the fb]]owing -
major components: the reactor and methanol-stripper loop, the feed flow
system and control elements. | )

Originally, the design was gy1ded by a strong sense of
economizing and use of available equipment. For examp]e, qn order to uee
available temperature control apparatus and avoid waste of chemicals,

arising from a long transient operation of a large reactor, it was

decided to keep the reactor size small. This in turn dictated the size

* of all other equipment and of the streams. Figure V.2 shows a schematic

of the fairly elaborate expertmehtél set-up @g@?h was hui]t and fdﬁnq to"
function smoothly. . ' IE | | |

The materials of construct1on used were stainless sgeel 304 and .~
316, a1um1num a11oys, glass, Teflon, Viton and mild steel. Both feed ane

head tanks were Teflon coated to avoid contaminatjon of reactants with

-

possible corrosion products, N o T, e

Since dimethyl -terephthalate and transester1f1cat1on products

are solids . at room temperature, it -had to be ensured. that the temperature
]

of every 1nch of tubing and every p1ece of equ1pment was h1gh enough to

prevent so]1dif1cation. Heatlng of the tubing, ‘the packed tower and the
pumps Vas achieved by means ‘of heattng tapes-whiTe heat1ng of the feed

4 i\“ A:,f!\‘rv v
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fand'a:scnemat1c is shown in Fig ¥.3.- Both 1" and 1 1/2" pipe fittings

effluent stream of the

R . ST DY B
: - . . 4 ) .m-k',' :

,\e1ements ~With the except?on'o;\the 011 baths which were controllt‘a‘:d*fm;w--i
, re]ays, temperatnre control oﬂ\/}ﬁér equipment was ach1ered by variable :

transformers “‘Thenno up]es were’ extensive]y used, to mon1tor both wall

-

and stream tquzfﬁtures. e

~a. Jhe'Reactop and netaandt-stripper Loop
N :
- The reactor 1tself was made out of standard pipe- f1tt1ngs,

£
were used which coupled with nipples of various 1engths resulted in an
assortment of reactors, the Iargest of which could accommodatevabout

150 grams of dry Amb '1 st 15. The lower end of the reactor cylindeér

was mechanﬁca11y fitted with a piece of 200 meshﬁsta1nless steel 316 :

sEFEEH; while the upperigap was similarly fitted. . The screens. of course,

- were used to confine the resin particles in the reactor., Two 1716"-

miniature'thermocoup]egf with statgless steel sheaths, were used_to
monitor the temperature‘of the inlet stream.and the catalyst beo close
to its upper end. The reactor£~a10no with a temperature equ11izationlcoi1w”
for the 1ncom1ng stream, was immersed in' a paraffinic oil bath - 3
In order to somewhat educe the comp]exity of the trans-
ester1f1cat1on reactions, it was'dégided to provide a means of effect1ve1ylﬂ

removing the'methanOT produced from'thefreactor system. The removal of

methano] would make the reactions’ 1rrevers1b1e, and, thus, facilitate

‘the kinetic analysis. Yo this end, a packedﬁtower was designed (Fig V. 4)

and installed in the rejicle,1oop of the reactor (Fig. v.2). The
actor Toaded with methanol would be directed to
the top of the tower-and flow downwards by gravity, and in the process

be stripped of its methanol content by an uprising stream of nitrogen gas.
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~ The pnckéd tower was made .from 2"’a1um{num bipe f1t€1ngs
for the cylinder and: aluminum plate for the b1ind flanges. - The. pack1ng
was 1/4" aschig r1ngs ‘made of glass, und was supported by a plece of
4 mesh&stainless steel screen. The distributor served to spread ghe
incoming 1iquid over the packing. The lower end of the tower had two
special fittings which were used to support the 1iquid-level sehSoFE
(€1 and C2 in Fig. V.é}. These sensors ﬁere‘pgrt of a 1iquid-level contro?
system which regulated the pool of 1iquid in the bottom of the packed .
tower. This confro1 system, which is an on-off system, redu1res smooth
free 1iquid surface in order to funct1on properly, and the QEEEEEEEI_;n__
and cylindrical sta1n1ess steel screen at the bottom of the tower were
used to fulfill the requirement. The downcomer (Fig. V.5) was used to
collect and direct the 11qu1d leaving the packing section, and, thus,
avoid false act1vat10n of the controller caused by erratiehﬁiquid |
drippings from the support plate. The cylindrical screen was used to
diffuse the turbulent by-pass flow from the recycie pump (P3 Fig. v.2).

The Joehaviour of the reactor depends to a lapge extent on the
inlet and outlet streams and their contrel. In othé? words, the reactor
may be expected to operate smoothly only 1f:the streams are re]igb]y and
well controlled because it is only then that steady state conditions, a
prerequisite of making kinetic measurements, may obtain.

If'the methanol rempyal egﬁipment was not necessary in the system
the outlet stfeam hardware could have been a simple’ overflow arrangement
and controt-of the feed f1ow would have sufficed to contro1 both streams.
However, the /;tresence of the methanol stripper excluded that arrangement

and necess1tated'gon§rol of both streams. It was then decided to control

e
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the outlet stream by means of a.1iquid-leyel controller and solenoid

 'va1ve arrangement. Accord1ng to th1s method of contro1 the yolume of

the 11qu1d poo1 at the bottom of the ‘packed tower wonld increase until

the free 11qu1d surface reached the ”h1gh” probe (C1 1in Fig. V. 2) at

which time the controller would: open the sgﬁenoid yalve, thus. allowing
1iquid discharge. The 11quid outflow would then go on until the free
‘l1qu1q“surface ﬁas 1owered‘t6 Just below the "Tow" (C2 in Fig. Vv.2)

probé when the controller would interrupt the 1iquid discharge by closing ™
the solenoid valve, 'The,oberation of the controller actually useds
(DYNA-SENSE Electronic Liquid Level Controller, Model No. 7188, by
Co]éfParmer)-re11ed on electrical conductivity of the 1iquid being

controlled. This on-off mode of contr61 of the outlet stream made the

volume of the recycle reactor variabIe; and the-effects of this ' : N

variability are explored in the mathematical analysis of the reactor

given in chapter VII.

3

The nitrogen stream loaded with vapours from the packed tower
stripping operation was to enter the fractionator (Fig. V.2), atop the
tower, where vapours other than methanol would be condensed and returned

to the reactor Toop. The fractionator was made out of a jacketed w

"Vﬁgreux column, the jacket of which would be maintqined at about 100°C

by means of recirculated and thermostated water. Subsequent1y,_thé e

‘nitrogen stream with methanol vapours would pass through a cold trap,

maintained at the freezing point of methanol, where methanol vapours would

‘be condensed and collected.

_b. The Feed Flow System |
 The design of the feed.f1ow system was guided by the following
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- Appendix B} and-persistence on the part of the author.

basic requ1rements* stable driving force, steady resfstance to flow giong—

the 1ine and stable. characterist1cs of the flow control’ ‘element. Building

" the system which would ensure the above features reguired considerable’

time, several modifications (3 brief presentation of which is given in

The stable pressure head was achieve by‘us1ng a feed and a
head tank combination (Fig. v.2). Liébid from the feed tank would be
pumped to the ﬁead tank via‘tubing T1 and in the process be filtered
by the fi%e filter F2' (particles 15u or larger would be removed). The
liquid 1ejel*1g_;he head tank was maintained constant by the overflow
tubing T3 which returned excess liquid back to the feed tank. The loop
thus established would keep both the level and the ttmperature of the

ﬂged liquid constant. Tubing T2 was to divert the delivery stream to

the feed flow system directly in order to purge the latter of air pockets |

(using the high velocity created by the pump).
The above feed leop arrangement established the constancy of

the ong end of the driving force and similar stablility had to be
o |
secured for the other, that is, the point of introduction of the feed

stream into the.recycle reactor loop. fkperience indicated that the

-

point of introduttion should not be in the delivery side of the recycle
pump {P3}, Because‘slight, perhaps unavoidable pressure fluctuations
would adversely affect the stability characteristics of the feed streams.

u

It was therefore decided to place the feed streams just above the

~ downcomer plate at the lower end of the packed tower where the pressure

was expected to.be stable, and which was later Eonfirmed.

R N L
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1th stable pressures at the end points, stelrle driving force
would be obtatned by a stable temperature profile along the feed 1ine,

: which would secure the requtred stab{lity of ithe stream physical properties.
This was, as for other parts of the system. echieved;bylelectric heating
tapes, controIIed by}rar1able transformers, and udequate‘f1berg1ass-

“insulation. Good temperature control would also secure steady resdstance
to flow along the 1ine. |

The feed loops, L1 for DMT and L2 for ethylene glycol are the
same except that ‘pump P1 was high temperature one whereas pump P2 for

. glycol was a magnetically driven pump with a maximum temperature 1imit
of aoout 250°F. Actually, this pump was found to decouple even at lower
temperatures and as a resu1t the temperature of the glycol feedstock had

. . ~to-bekept at ut 220°F which was about 80°F Tower than the required
| stream temperature. This necessitated the introduction of a stream
, heater, B1, for heating the g1yool stream up;to the required temperature.

The heater was a paraffinic oil bath theltemperature of‘whtch was controlled
by. means of a proportional controller (Thermoe]ectr1c Model 32422)

’ whose sensor was immersed in the glycol stream Just downstream frof-the

heater.

¢. The Flow Control Element

.~ The flow control elements, which were used in setting and
| ‘ '?EQpIating the feed streem-f1ow rates, were made from a fine metering -
R yalve and a piece of g1ass capillary tubing in series. This composite‘

r-

" flow’control element is shown’ 1n‘F1g. Y. 6 and its use was

;\
S e
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Fig. V.6 Composite Flow Gontrol £lement

adopted because of the following reasons: a) the{use offihe valve

alone would have to be ’_ggt at very low flow coefficient (GV) values in

.
o

order to regulate the €low rate in the range of 4-15 g/min desired

(FigV?) and experience indicated that such low settinas were

‘troublesome, b) the flow rate was strongly dependent on the flow

coefficient so that uncontrollable factors affecting the Iattgr would
influence the former, and ¢) the use of a capillary tube alone woﬁ]d
not be satisfactory because it did not allow on-stream adjustment of
flow rate.

The size of the capillary tubing used was chosen by calculating
the mass fjoﬁ rates for given capillary length and diameter at various

valve openings of a given valve at the available pressure drop. This

calculation was based on the equation: =

COPiotal T PPvatve * Apcapﬂlary (VI'”

where it was assumed that Aptotal was; the available head with pressure

losses along the 1lines neglected due to the large -line diameter and the
Tow flow. MNow, we have that

N ! 7 o
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e Pvatve = TG 6 %vr (v-2)
and, since the flow is. laminar, B S R L e
| 128 QLy .
APcapﬂlary, = g , (V-B! .

. . 1
where Cy 1s the valve flow coefficient, Q is the volumetric rate of flow,

G and u are specific gravity and viscosity of the 1iquid, respéctive]y,
and L and D are length and diameter of the capillary tubing, respectively.
Substituting Egs. (V-2) and. (V-3} in Eq. (V-2, there is

obtained

-

X ] 1 Q2 ,128 Qly ]
Piotal - (7.07x60x12)Z ° CZ Tgn DO (v-4)

R

from which Q js easily calculated upon specification of. the other terms.
Here, Q is expressed in cupic feet per secgnd which was transformed to -
grams per minute, the mass flow rate.

Table V.1 gives physical property values for dimethy]
terephthalate and ethylene glycol Lsed in ihe design of the flow control

element, -and the capillary dimensions chvsen as most suitable from the A

a I —

control and building points of view. e — ¢
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TABLE ¥.1 o
! " Flow Control Element D IR
- | Temperature: - 145°C
. Total Head:t 50 in.
Qs 9/m1 | u, Cp L, in'| D, mm
Dimethyl - a b
Terephthalate 1.119 0.981 5.75 0.5
Ethylene ' a c )
Glycol 1.017- 0.62 4.75 0.5
S
a estimated from molar volume [Appendix D] ..
b Petukhov [35] )
¢ Perry's [37]

The effect of the fiow control element design on the mass
 flow rate is shown in Fig. V.7 for the 'ethylene glycol stream based on

the specificat1ons of Table V.1.

To ensureé stabﬂe dimensional characteristics the composite
flow control elements were immersed in a thermostatéd-paraffinic oil

bath maintained at _§45°C, .

3

2. Reactor Operation procedure «

The feed tanks . Nere Ioaded'w1th ethy]ene glycol and dimethyl
terephtha1ate in pe11ets and power to a11 the heating units was turned

on. One day was then a1lowed for DMT to melt and the var1ous parts of
=
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the system to reach the set teyperatures. Subsequently.theFfeed 100p '
pumps 1. and P2’ Fig, ¥, 2) were turned. on and feedstock recircu1at1on

- in the Toop feed tank:line T1e.head tank < line T3 < feed tank was

- established, After thefrecirculatton had equaTTzed feed stock temperaturés

in the -head and feed tanks, - -the pump deliyery was mumentari]y switched to
Tine 72 and pUrging of the feed 1ine was achieved wh11e the stream was
d1verted to the drain. Flow rates were then set by adjusting the fine

metering yalve of the control element and accumulation of reactants in -

'the desired molar ratio ‘Began in the bottom of the packed tower.

Accumu]ation continued until the liquid sd%iace rbse to the "high"
probe (C1) of the 1liquid level controllek wh1ch opened the solenoid
yalve and-discharge took place. At tﬁaﬁ't1me the reactor-loop pump, P3

was:turned on and recirculatiqﬁ;rate J?E adjusted: by means of a regulating

“.yalye and the help of a rotameter.

-

The last operation marked the begdnning of an experimental run.
The stiream | gi n1trogen was turned on and adjusted to about 60 cc/m1n,
which was enough to adequately strip the 11qu1d stream of methanoT The
Qperation of the reactorﬁwas followed by mon1tor1ng feed flow rates and
reactor loop recycle rate by means of the rotameters (R1, R2, R3) and
the temperatures of streams, of tanks etc. by means of two muitiple |
point str1p chart recorders, Occasional adjustmerts of flow rate were
made manuale " _ ’ W, '
_ The approach to steadxkstate was foI]owed e1ther by determining
the rate of methanoI prgduct1on or by analysing the 11qu1d outlet stream.

The rate of methano] productlon was determ1ned from the amount co11ected

e

_ in the cold trap over'a measured length of time. The composit1on of the

:-,;'E' 5,
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. joutlet stream was established by gas chromatograph1c analys1s of stream
samples obtained at the exit of the so]enoid ya]ye at the epd of the

11qu1d d1scharge‘cyc1e. These‘data were - then plotteﬂ‘versuf time and a

straTth 1ine re]at1onsth para11e1 to the time axis 129}6‘ted that

steady state- cond1t1ons had obtained. - Under steady state conditions,
~

feed -stream mass flow: ates

ined by co]lecting the streams
- {preweighed vials over a timed tnt' val. These rates along with the"

analysis of the ou _Eed to ca]cu]ate‘keaction rates

[
'

according,to the folagring equation:

-T.
=] "1 W

A . '
Lo ) . .
~ .
Lt B

where T is reaction rate for component i, ‘F ° and F f are the inlet -

- o Fg° - Fi{ ) o -5). -

-

and out]et molar rates of component iin mo]es/m1n and w is the amount of o

N e
catalyst in grams,

B. Batch.Reactor

-

During the course of the 1nvest1gat1on and with the he1p of the chem1ca1
ana1ys1s of the liquid product it became evident that other react1ons, in
add1t1on to the ester 1nterchange reactions, wére catalyzed by thq_cat1on C .
exchange resin, Amber]yst 15, to a significant q?tent This made the oee.
of a batch- reagtor necessary because on]y,the batch reactor would help
establish mass balances and, hopefully, the number of significant reactions.

A new, improved version of batch rea/ter was, therefore, des1gped

The " improyements ¥

the methanol vapouny

_4%1p1e ﬁamp11ng of the reaction product dur1ng a

R - /

/(\\/J o2 T /\ - :



. . | SR , 55 .-
: - e - -
a T v f‘ . . . -

Vovig 7 .

r

pun possihle. The use_of the "1tr°ge“\f:;(29¢9551tated'a cold trap‘fop .

condens1ng the yepours from the gas stre

-

S Batcﬁ ReactmtDes“rL : | PR

2

X

A schemathp of the batc r ctor set-up:{;hTCh was mode of glass,
{s shown in Fig, ¥.8. The reactor itself was a three-necked d1st1111ng
flesk. The cehtre'necﬁ¢z§s used fot a glass stirrer which was fitted
with a Tef1on—and Oertno seal fd; a leak-free operation. One of the
side necks was connected to a Vigreux column the temperature_of which was
ma1nta1ned at about 100°C by means of a heating tape. "The. opposite
neck was fitted with e suitably des1gned’probe for eamp11ng the reaction

melt. Th1s probe had a separate inlet f“r'é’n1trogen gas stream which

.was used to carry the.methanol yapours out and, thus ensure. 1rrever-

sibility of the transeste51f1cation react1ons The vapoar laden n1tr0gen

stream was directed through the Vigreux column and an air cﬁpdehser to a-

cold trap where the vapours were condensed and collected. ”Ehe cold trap

" was made of a test tube, 21 mm 1. D and 20 cm Tong, and -an 1n1et tube,

6 mn 0.D., which exf*pded toupbout 3 cm from thefbottom of the. test

tube and was supported by a “rubber stopper w1th a Tength wise grodve

‘which allowed cooled-down nitrogen to escape. The trap was ersed

into a methanol coId bath maintained at the freezingnpoint of the alcohol

by means of 11qu1d nitrogen, )
ghe samp1 ing probe a schematic of whlch.is shown 1n Fig. V.9,

was. made of P&rex g]ass. A piece of cap111ary tubing, 1. Q'mm in diameter,
' 2

was formed as stown and jacketea with a piece of tubing, the free- end N

.Y

* Then a p1ece of - chrome] wire

-
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sampling. the immersed end of the cap111ary was covered with a mat of

57

""J \

“was wound around the-enp{11aryvand pushed down the Jacket. The chromel

“wire was used as a heater- in maintaining the caﬁleary‘at a temperature

high enough to avoid sol{dification of the sample.” Samples were wfthn |
drawn by connect1n9'3 samp1e bottle to the capillary and evacuating

with a water pump ., Tb ayoid w1tbdrawa1 of resin part1c1esﬁ§Lr1ng

glass woo1 secured 1n place with a piece of Teflon tubing.

2. Batch ReegtpmgOpeyﬂ;ion

Dimethyl terephthalate. powder and ethylene glycol were weighted
into the reactor at the des*red molar ratio, and the Toaded .reactor was
p1aced in a thermostated paraffinic ofl bath accurate to # 0.1°C. At o
that time power to the Vigreux and sampling probe heaters was turned
on. After the reactor charge had become a clear melt a preweighed amount

of catalyst was placed in an.oven, maintained at about the reaction

" temperature, for about fifteen minutes. The cold bath was then made by

pouring 1iquid nitrogen into methanol- in a Dewar f1esk. and the cold
trap precooIeddfor a few minutes while protected from .internal moisture
condensation by a tube filled with Drieqite. Prior to the catalyst
addition a few millilitres of methanol were added to the reactor in
order to estabTish equilibrium in the column and the condenser and,
thus, prevent. loss, as system ho]d-up, of methanot produced. Nhen

dist111at1on of the added methanol had virtually ceased, the preheated

~catalyst wag funneled into the reactor tbrough the sampling probe port. -

p———

Immediately after the timer and nitrogen gas f1en«at the rate of about
40~m1/min'were-efartedx Periodically liquid samples were ‘withdrawn and.‘

at practica11y‘t?g_aeTe\:zﬁe3the cold trap was replaced with a new, dried

. -

R
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~and precooled one. The 1iguid samples witharawn were yery small, usually

less than one gram. The samples thus obtained ylelded, when analyzed,

component time profiles.for"each'eXper1menta1 run.
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started up ahd allowed enough time to reach steady state

%

Y1 TRANSESTERIFICATION:CATALYZED BY AMBERLYST 15
/ ,
The cation excha?ge resin Amberlyst 15 which was to ﬁe used as
cata]yst in the transestertfication of dimethy% terephthalate with
ethy]ene glycol, 1s marketed in the hydrogen ferm and 1in spherica1

"beads in the part1c1e size range of 16 to 50 mesh U.S. standard screens.

Therefore the catalyst required no pretreatment except screen1ng for
separating it into desirable particle size fractions. These fraqtions
were obta1neJ by dry screening, and were subsequently dried overnight
at 110°C, Some of these fractionslwould be used 1n statistically

designed experiments, a partial a1m of which would be jdentification of '

expérimentpl conditions where intraparticie mass transfer effects would

be negligible.

A. BRecycle REactor Performance

As was mentioned 1n Chapter V kinetic data for the precondbn- .

sation stage reactions were to be obtained from the differential recycle
reactor. To this end, the reactor itself would ee Toaded with the
desirab]e mass and fraction of resin cata]yst and the syste2 m would be

T

e transient

state of the reactor was to be fo]]owed by analyzing the reactor 1iquid

~ product periodically and/or determ1n1ng the rate of methano] production

in order to aﬁcertain the dstablishment of steady state. Typﬁca1 data -

for the reactor oberatien are shown in Fig. V1.1, and. they clearly

A

" jndicate that the reactor system operated'very smooth]y

~ In a Tew pre11m1nary-exper1ments using the recyc]e reactor the '

steady staté conversion of, DMT across the reactor was about 20%., Yet

N 59
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it was observed that the qmounts of EG d1ethy1ene glycol, DMT, methy1y

(2~ hydroxyethy]) terephtha1ate and bis«(z hydroxyethy11 terephtha]ate

when summed accounted for only about 90% of the total sample mass. This

underest1matTon was consistent and 1ndiqated that additional products, -

some of which rema1ned in the 11qu1d phase were formed. Evidence in

support of the hypothesis of. by*product formation was obtained from the .

appearance of a new peak on the chromatogram of the 11qu1d product
and alsg the identification of dioxane in the distillate. These
f1nd1n§§-introduced uncertainties in the overall experimental program

and it was decided to carry out some experiments in a batch reactor in

,order to obﬁain information about the type and extent of side reactions

‘at various degrees of conversion.

An experiment, aimed at obtaining informa?ion about the catalytic
properties of the cbnsﬁruction materials in the reactor loop, was
carried out.without éa%é]yst in the reagtof. In this experimeﬂf the
reactor 100p was loaded with reactantS (mo]ag ratio about 3) enough to
keep the 1iquid level in the packed tower up to the "high" probe
(Fjg. V.Z).under recirculation, and the reactor was operated without
either feed or outlet streams. ﬁnder these conditions the average
disfillate’prodqgtion was about‘0.0d g/min, which was very small, and
it was, theréfore; concluded that the cOnstructioﬁ materials did not
have significant catalytic avtivity. S

. 1t'was found that th% Tiquid beductrggﬁﬁﬁark coloured and
this cO1ouri§§?Taswpﬁé§umaﬁ1y the result of either resih b]eachingfg?
resin degfadaf1on. while after long heating periods in thg&ngctpr the
resin turned black.” These resin chariges were probably caused by the

prolonged exposure of the resin to temperature% exceeding the
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recommenJed maximum safe temperature. It is not known whether these

changes were accompanied by reduct1on n catalytic activity The. Tatter

~ was, however, found to diminish and: v1rtua11y-disappear after the resin

had been kept in the stainless steel reactor for a long time, Thta

- was presumably caused\hy~exchange of the active hydrogen fon with metal

jons, which were products of corroston, Corrosion was clearly evident

on the sheath of the thermocouple emﬁedded in the reactor after prolonged
captact with the catalyst. ~ ‘

B.l Batch Reactor Resutts

As:was- mentioned earlier the ut111zat1on of a batth reactor in the
experimental investigation was prompted by a need for information on
product d1str1but1on Yet, the batch réacton runs were designed and

carried out from a kinetics point of v1ew, in the sense that the data

could be used for kinetic model building. These runs y1e1ded information

about the effects of transport processes and the effects of reactant

* molar ratio on product distribution.

AY

1. Effegtsxof;Transport Processes | L

A c%mplete:twom1eve1 factorial experiment'tn‘two factors
(Fig. Vv1.2) was oarrfed out in order to obtain information about product
d1str1but1on as well as 1nterpart1c1e and 1ntrapart1c1e mass transfer.

The two factors were resﬁn particie size afd mixing speed, while the

- (
reaction temperature ‘wWas set at 146°C the 1n1t1a1 reactant Wolar ratio -

at two, and the cat3lyst mass at 30 0 grams _fg

The data for the above factorial expériments are given in

¥
F

Tab]es €.9 and C.10 of Appendix C white- the effects of transport processes
n{
g onzﬁMT conversion are shown in Fig V1.3, The figure clearly shows. that

. . . (’\__,‘. y

7
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the conversion data for the same pﬁrtic?elsize fraction epe w1fh1n‘
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experimentaTlerror, the same for the two, m1x1ng Ieyeis 1nyestigated

The 1ncrease|1n the‘m1x1ng speed did not have any significant effect, ;£§
and since the Tow leyel at 200 rpm was already high, these data\ind1cat9‘
that externa] mass transfer_g;fects‘were neg1191b1e 1n the range of
m1x1ng'speed{stud1ed.‘ﬂNeverch1ess,-subsequent eﬁperiﬁents were run

at high mixing speed. The p1ots‘1n Fig. ¥I.3 also c1eerTy show-'tpat

the‘sma11ef;part1c1e size fraction resulted in higher DMT conversions

' th@n those obtained with the fraction of larger partitle. It may, '

therefore, be concluded that 1ntrapart1c1e diffusion effects are signi-
ficant in the particle size range used in the.experiment. This ‘evidence .
wasjlater reinforced by the data (Table C.12 of Appendix C) of two other
experiments carried out at the same reaction temperature as. the factorial
experiment but-at a molar rat1b_of 16.0 and for pert1c1e size cuts of

-35 + 40 (R-1178} and -140 + 325 (R-118). The results of these

_ experiments are shown in Fig. VI.4, in which the ord1nate is g1ven in

terms of moles DMT converted /g resin in order teéakiount for the
difference in catalyst mass used in the two experiments.

" The above data strongly indicate that intraparticle diffusion
A

;-effects are s1gn1f1cant for the part1c1e sizes of Amberlyst 15
~commercially available atithe transesterification temperature of 146°C

This desp1te the re]dtively large pore diameter on account of wh1cp .

this macroreticular resin was chosen for inyestigation.

2. Distribution of Terephthalate £sters

The "Batch reacfor eXperiments_for the factorial design achieved

a DMT conyersion of about 90% in two hours while the gas chromatographic

=

&
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' ana1ys1s of the . 11qu1d prodUct samples proy1ded experimenta1 qua]itat1ye

and quaﬂ%itatiye 1nformat1on about product formation in each.run. .

The qualitative information was obtained by*stua11y compar1ng ,

a chromatogram of a 11qu1d ‘sample of higher DMT conversion CF1g VI 5)
, With that of a ca115rat1on ‘sample (Fig. 1¥.2). .The extra peaks in the -
chromatodram of Fig. YI. 5’c1ear1y SﬁDW‘tﬁat formation of products other
. | than ethylene glycol esters of terephthgiﬂc acid did take p1ace he
- . number of additional peaks, of Fourse 1nd1cate that at 1east tha many
different compounds ﬁefe formed. . . t

‘ The seriousness of the extent of by-productffbrmat1on was

RS ascerta1ned when the chromatograms of the samples for: the four factorial

5
runs were quantitatively analyzed. Typica]-t1me profiles for the

terephtalate esters wh%ch could’ be determimed by the gas chromatographic

-

analysis-{ IV) are shown iR Fig. VI.6. These prof11es€shdw a striking
and overwhe]ﬁing departure from™the profiles expec%ed‘on the assumption

that the fo110w1ng series-parallel reactions

ovr Elycol, MHE]?‘ —-Y——)G] col BHET"“‘”\ (v1-1)
are 'the main reactions occurring. in the transesterification of DMT with
,,ﬂ“@thylene glycol. Under the above assumption the sum of.the instantaneoue

......

molar amounts of MHET and .BHET should.be approximately equal te-the moles
. * of DMT converted. Howeyer, the profi]es‘show that at all times-the
~ former is Tess than half the 14tter. This extremely significant

. differénge is~shown better in Fig. ¥1.7 in which the ordinate is the :

‘ 'Eg;tia]_yiéld. by, defined in Eq. (¥I-2) 7 ' .6§ﬂ~ .
: L T NS S 1)
. - o s e ) ‘(EqA '::NAC;) ' >

»
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where Ny and NA represent.number of moles of components X and A at t1me

t, respectively, x is. either $HET op- BHET, A is DMT and the sbscript a.

dénotes respective quant1t1es initially present n"the pes
- if the aforement1oned assumption were true the - two pqrt1a1 y1e1ds should

add up t4 one, approx1mate1y . A

Further exper1ments were carried out in which the 1n1t1a1
molér ratio of reactants was widely varied in order to elucidate the
effect of molar ratio on product distribution‘_uTheQdata of two runs,
R- 1168 and R-117B with molar ratios of four and s1xteen respect1ve1y,
are given in Tables C.11 and C,12 of Append1x C wh11e the partial
yields; of 1ntermed1ate and monomer are plotted against time in

,’ o . Figs. vI. 8 and VI.9. These figures 1nd1cate ‘some improvement in_

selectivrty with higher moIar ratios but the 1mprovement is not dramatic.
t thé end of the run with molar rat1o of EG:DMT of 16 about % of the
nvertedlDMT had gone to products other than MHET or BHET Another

exxer1ment, run R-118B, 'was carried out at molar rat1o of s1xte€n and

th cata]yst, Amberlyst 15, of -140 + 325 mesh, obta1ned by grinding

‘ infa pulverizer. The datg of this run, given in fab]e C.¥2 of ApSendix C,
. i ; shbw 1arger exper1menta1 ervor for the glycal esters but, nevertheless,
L d not 1nd1cate any s1gn1f1cant improvement in se]ect1v1ty

3. 'Discussien _ - . - o o

’

~The conversion of eth&}ene gf§c01 in the batch redctor;runF'
:aé’much larger than wh;t shou]d-have beef consumed in the transester—
f1cat10n react1ons Thls&1nd1cated that ethy]ene glycol 4dn the pgesence
; of Amberlyst 15 underwent other reactions to a s1gnif1cant extent. An

exper1ment was carr1ed out 1n wh1ch ethy]ene glycol ajone was heated

! L
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ﬂ.iﬁ.thé presence of the cation exchange resin, and GLC analysis of'thec‘
. product shoﬁed diéthy1ene gi&cd]'aad;othgr peaks some of which preSﬁmab]y
were 10Q-mo1ecu1§r:gpight polyglycols. l A i ' -

’ Gas chéomatqgraph1c analysis of the transégterification-

distillate showed 1,4<djoxane and 2-mathoyxethanol were formed,

which, of course, were pr dqcts of ethydene glycol. The d%sti11ate was
quantitatively analyzed by \FC énly fo ethahof, and the methanol
br&%ile for run R-116B "is given 1q/%;ETE C.17 of Appendix C. In ‘,
addition, water, presumably the p;oduct ot ethylene glycol dehydration,
was identified in the distillate. « | S

- The éforementioned qualitative and quantitative informatioh
implied that fhehéeaction gystém under iﬁ;estigation was very com§1ex.
In fact, it Waszso complex that the quantitative,informatioﬁ based on
the determination of six components, though aQaiTab]e in unprecedented
quantity for the same process, was not sufficient to allow establishmépt,
of-meaningful mass balances. There was need for more gxpefﬁmeﬁ%éfm}nform-
atibn‘and further analyses were directed at a broad characterization of "~
the transesterification product of one experimental run (R-113B). s

Experimental procedures are given in Chapter IV.

In order to obtaté=information about the extent to which ester§;

of glz:o]s and of 2-methoxyethanol formed during transesterification, a

sample #Ff left-over mass was saponified and.prepared for GLC analysis.
. * < ]

Chromatograms oﬁlthe unsaponified sample were also taken, and the

analytical procedures for the analysis of 1iquid’pr0duct'estab1ished

the amounts of ethylene and digtnyleqp glycol“before and after saponi-

) fication (Table €.13 of Appendix C). Triethylene g1ycol\esters were
- ‘. \ . . L
W o ¢

Al
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S
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Tycol, the product of ethylene.gf¥col polymerization, £
'-/i;%pers and ‘thatthe correspond'mg amountsgof esterified to free
e

; A 7F
also formed to sign1f1cant extent, as judgeq by the 1ncrease in the

“peak area ratio of a peak presumed to be due to the trimethyl-silyl

B
derivative of this glycol. These“determ1nations.showedﬁgiérdietﬂy1ene
u rg reacted

glycel Were in the approximate ratio of 4:1. The saponification product

was also analyzed to determine the amount of 2-methoiy-ethano]., This

1ana1x§1s was carried out‘at'the conditions estab]ishedwjggﬁfﬁg‘GLC

.

analysis of the distillate and guantitation was based on the bracketing
téthnique (Table C.14 of Appendix C). Detérminat1on of 2—methoxy;
ethanol in the unsaponified sample showed that about half of the amount .

of this compound as determined above was free while the other half was

Vestérified. The distillate] was also Ena1yzed'for‘2—methoxy~ethan01 ’

(Table C.14).

Thé above ana yses resu]ted in the following quant1tat1ve data

_(Table VI.1) for conversion of - \“‘? ~_/
\‘m.Tab1e VI.]
- Ethylene Glycol Products
et Compound | % 1nitial 6lycol
. Diethylene Glycol- 25.9 T\
2-Methoxy-Ethanol 1 - 6.3
L

“\

"-ethfjéné glycol. 1,4-Dioxane and triethylene glycol'were also formed in

significant amounts. It is, therefore, clear that over dae third of
v - ]

ethyiene glycol was converted to products other than transesterification

compdunds. These products are the result of the following reactigms

R ¢ AN
| S i



arently are effectiyely catalyzed by Amberlyst 153

.

_ HOCH, CH, 0H —— CH, CoCH, +HO - T
L | ‘ \ ”~ - : !
“”: oA = m i . gf;
7 , & : | S
" CH, < CHy .+ CH3OR ——3 CH30CH,CH,OH (VI-4)
SR ¢
1 0
" CH, =~ CH, * HOCH,CH,OH ~ HOCH,CH30CH,CH,OH  (VI-5)
N/ | _\( ,
¢ ST
CHy - "~ CH -+ HOCH,CH;0CH,CHOH — HO(CH;CHo0)CH;CHoOH (VI-6)
X 0(Ck
L 0 By .
v CH, - CH, + HO(CH,CH,0),CH,CH,0H —3<HO(CH,CHO) 5C (VI7)
N /7 ) ]
0
L LCH, - CH L
HOCH,CH,QCH,CHOH —— 0 > 20 + B0 - (vis) @
5’ n R CHZ = CHZI » ) ‘ L Ef\

where the uEgszljned compounds have been positively identified while
triethylene glyco] has Qeen tentatively 1d:jtlf1ed The occurence of
reactions (VI- 5) to (VI-7) andfof higher degree of polymerization in
B .
the presence of other catalysts js well establishhd [B/] while reaction @

y
(Vi-8) is based on the evidence that dioxane formatijo

glydol is much faster than same from ethylene glycol, under. the same

_pxperimental conditions. The aboye reactions clearly indicate that- =
the dehydration of ethylene p]yc&] to' ethylene oxide is th:a:;§$s\\¥&§ .
stepping stone in- the above reaction scheme.‘\ '

A The' determination of ethylene aqf diethylene glycol and pf‘

a y
|
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v it
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-methdxy-éthano1 in the transesterificatioh product, béibre and after>
saponif1cat1on showed that a significant. fraction of dimethyl teréph-
thalate was converted to esters other than those W1th ethy]ene g1yco1
the Tatter being the des1rab1e products.

Determ1nat1on of tota] carboxy]ic groups in the quu1d product

by means of a saponification exper1ment showed that the number of

- carboxyliegroups before transester1f1cat1on which is equa1 to the

number of methyl-ester groups (Table C.3), and after reaction (Table C. 15)

are egual within experimental error. It was, therefore, concluded that

decarboxylation did not occur. Determination of free carboxylic groups

¢

in the‘transesterifica;ioh product (Table C.16) showed that ester groups

were hydrolyzed to free acid groups to a significant extent (8l5%).

‘To test whether terephthalic acid was present in the trénsesterification

product, a chromatogrdm of silylated pure terephthalic acid was obgained,‘

under the conditions for the 1iquid product ana]ysis.’ The retention

.time of silylated terephthalic acid was found to be significantly

different from that of neighbouring peaks on the 1iquid product chrom-

‘atogram, and it was concluded that ester hydrolysis was restricted to

one ester group per DMT residue. This conclusion implied that some {§¥j>

of the initial DMT had been hydrolyzed to monoacid esters.

. " The 1iquid product characterization analyses led to the

f¥01low1ng quantitative results (Table y1.2)




+ The undersirable products arise from transesterification reactions with

Table V1.2°

Undesirabie Transesterification Products

Group : 1% Initial Methyl-Ester
Diethylene Glycol Esterd | . 10.14
2-Methoxy~Ethanol Ester | RS Y-

Free Carboxylic Groups T 8.5

a. Assuming only one -OH group esterified.
for some undesirable transésﬂerifﬁcation products. The above table,
which 'is not complete, c]qar]y 1nd1cates that the products of ethyene glycol
dehydration Qwater) po]ymer1zat1on (di~ and_ tri- ethy]ene glycols), and -
etherification (2-metho§y~ethan01) reactions effectively part1c1pate in ]
transesterification reactions and convert significant quan@ities ofi
dimethyl terephthate to unwanted products. The latter are undesirable
because the ether 2-methoxy-ethanol would terminate polymer chain growth
while the polyglycols would jmpair the propertiies of the final polyester
"product. ‘ |

The batch reactor exper1ments showed that in the presence of

f Amberlyst 15 DMT is s1gn1f1caq<1y conyerted to undes1rab1e p oduqts

,1rrespectjve of resin particlejsize and initial EG to DMT molar ratios.

compounds-produced by the ethylene glycol- dehydration and subsequent

etherification and polymerization reactions. ,The'Tafter‘reactions were”

i o . /}
. N . v - r



found to be effectiyeTy catalyzed}by Ambep]yst.TS.at.the temﬁérature
of 146°C, |

_The effect of temperature on product distribution was: not

investigated because the Tower 11m1t at which a ‘clear melt of reactants
may form is only 130°C and the resu]ting possible temperature‘range of h
15°C ﬁas eonsfdered too small to effect the required changes in product,-nﬂ"
distribution. | . -

It was, therefore, concluded that the transester1f1cat1on of
dimethyl terephthalate with ethylene g]ngl,in the presence of Amberlyst

15 was an unselective and inefficient process. . - .
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"N YI1 MATHEMATICAL ‘ANALYSIS OF-THE. -~ - . ..
- " DIFFERENTIAL RECYCLE BEACTOR - - :
. &
3-,_,-1_

As was mentioned in'Ch, ¥ the 1nc1us1on of. the'methanol stripper

in the recycle Toop ofKQQS continuous reactor necess1tated contro1 of .

the out1et stream and the contro]Ter actua11y used, an.on- -off -1iquid

“mleveI contro]]er made the reactor 11qu1d vo]ume variable w1$hedist1nct

accumulation and d1scharge 1ntervals This volume variab111ty ra1sed

l.

the quest1on of th1s-system¢€om1qg to steady state, a necessary

requ1rement for obta1n1$g react1on rate data.

The author E38] obtained an answer to the above question by carry1n&

out a mathematical analysiseof the d1fferent1a] recirculation reactor'

SUbJeCt to Tinear var1at1ons of vo]ume The analysis dealt with the

unsteady state of the rEactor and is given below.

RN

A. Yolume Mathematical Functions . ’ ’ \\

A s1mp11fied schemat1c of a differential recirculation reactor

for a 11qu1d phase reaction with on-off control of the output stream,

. o . F
is shown in Fig. VII.1. The vdélume of reacting material increases until

b1

the Tiquid reaches the "high" probe. which activates the controller end}';wrﬁ-

. e
discharge begins. The volume of reactant-product mixture then decreases

until the liquid 1eve] drops to just below the "low" probe when the
controller is deaet1vated and the cyc]e is repeated.

AsSuming that the dens1ty of the reaction m1xture is .constant

throughout the system, the yolume of the reaction system as a function of

time:is as shown in Fig, VII.2. t 1s the accumu]at1on time interval

while the contro]ler is act1vated and t = t + oty is the per10d for the

&
cycle of the vo1ume variation. The output stream row rate dUr1ng

79,

)




Fig. VII}1
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discharge is

T . -
Y “:t_a‘ Vo= BVo o
d ... .

- - /
where B = ta/td and v, is feed stream flow rate.

-

The time function for yolume.during the accumulation interval in

the (n+1)st cjcle is given by: <
V=V o (tant) , (V1I-2)
o o o .
and during the discharge interval is g?venmb§+

v=y +v08[(n—1)téat] f ‘ (VII-3)

where n is the number of completed cycles and ¥, is base reactor volume.

B. Differential Equations

In dériving the differential equation which describes the present
differentia] recirculation reactor, it was assumed that the reaction
rate is expressed in terms‘of catalyst mass, as is usually the case in
heterogeneously catalyzed reactions, and that the recycle rate is much
greater than the feed flow rate so ‘that the concentration throughout
the reactor is uniform. The usefu1eness of the recirculation reactor is
1ndeed based on the latter assumpt1on, which may easily be fulfilled.
Uni?r these conditions the exit stream concentrat1on is equal to-that
in the reactor. |

The governing differential equation was obtained from théffoljowipg
material balance in terms of reactant As -

o |moles of A moles of A moles of A molies of A

' in =|  out .+ |converted |+ |accumulated
v by *reaction

L

The accumulation term in this case is-



-

Nt moles of A Q(VCA) dv A : o
: : . ' accumulated|= 'dt' A dt V .

and 1t ‘can be seen from Fig. VII.2 or Eqs (v11-2) and CVII—B) that

though the function V 1§gfont1nuous jts derivative has finite d1scont1nuous
. jumps when the time variable is considered in its entire range. Also the
’ output term is di§continuous with finite jumps. Therefore, the equation

obta1nable from the mater1a1 balance_ would be non11near wh1ch would be '

very difficult, if at all’ possible, to solve analyt1ca1]y However,
the material ba]ance y1e1ds Tinear equat1ons in the restr1cted 1nterva1s
of accumu]at10n and discharge, and v1ewed as such the problem becomes !

piecewise Tinear wh1ch may be solved by, f1tt1ng together the solutions .. ° &

.;-‘-— - . ?
& .

of the Tinear equat1ons f39].
For the accumulation intervad in the (n+1)st cycle the material
balance gives

- _dv o, 90 _
v.C,. 0+ ( r )w + cA = +V o (VII 4:)

4

Substituting V from EQ%-(VII-Z) and differentiating there is obtained:

,";

| ' | dC
T 5 A -
VOCAO ( rA)w + CAVD, + [Vofvo(t nt 11 |, (VII-5)
which, upon dividing through by v,s becomes , .
dc S
Ll £ = - - + A -
Cao CA + af T ) + ('r nt t) =4 (VII 6).
40‘%)', - * . ! A . . - - y .
g where « = W/v, and T =¥3/v, s+ Equation (V11-6) is the differential

sequation describing the reactor in the time interval nt, <t =< ntc+ta.

i

For the discharge interval the material balance gives



: . . . . H . i .

- w96
’ = + (< + - v
v Cp = wey #+( rAm Cp ot Wi - (y11-7)_

Substituting v from Eq. (VII«1) and’V from Eq. (Y1I-3}, d1fferent1at1ng
etc. . there 15 obta1ned Eg. (VII-8)

“ dC . :
f‘%_ co gy =Gy talor) ¥y v 8 (Nt - stlgE L (VIB)

“r ) : L
o ‘ : . -
- Y

\ . - .
which describes the reactor in the interval ntc *E, < t <(n + 1}tc.

~*

. whenjparémeter h is allowed to take on its values of 0, 1, 2,.3,:;£i>,
Eqs.(VII-G) and (V1I-8) yield two sets of differential equations in which .
7 the time yariable, t, is cgpsidgred iﬁ‘itsrentire range. Therefore,
Fitting together the solutions of these sets; for a“spepiffed form of .
the function (-rp), gives the transiént response of_the!reciréulation
reactor. L _ o S
It ma& be seen fromMEq.‘(uII-G) that the form of the géneral-so1ufions
of’the set resulting from it would be the same for different values of n,_
- and the only d1fferences between segmental solut1ons would be in the” ,
values of n and the integration constant. The same holds true for the
set résu1t1‘ng f'rom Eq T (V1I-8)." The ‘géneral ng]utwn was, therefore, <
obtained. by f1nd1nq the forms of so1ut1ons for unspec1f1ed n and then” .
f1tt1ng together the segmenta1 solutions by specifying n and caich]at1ng

integration constants from,appﬁgpr1atq jnitial or boundary conditions.

C. Transient Response o L e

sfnce the objective of ‘the work was to jnvestigate the behav1our
‘of the transient response, ana1yt1c solutions were considered very des1r—
>

able and, therefore, further ana1ysis was restr1cted to simp]e forms of

‘rate expressions.



g

] "i'

“with n.

1. Irreversib]e‘Rikst‘Order'Reagtion

dNA
iy IT“&T:‘ kCA

substitution of Eq. (VII-9) into Eq. (V11-6] yie

\'Ids ' '
Cp, =(ak1)CpH(r -ntcHt) | O (VII0)

the solution of which is
G O S
T R U —ntc+t 0 )

Subst1tut1on of Eq (V1I-9) into Eq. (VII 8) y1e1ds

—(ak+])CA+[T +3(n+1)t -gt] % ' (VEI-12)

the solution of which is .

C.
= Ao - - @/B - .
Cy 5 D [ro+3(n+1)tC t] (YII 15)\

where D is the integration constant the value of which ghanges with n. \\\ _
Egs. (VII-11) and (VII-13) are the forms of solutions of the afore- -\

mentioned sets of differential equations from which the general solution
was‘bu%ﬂt by alternatively using these equations and successively specifying
n and calculating the integration constants. For example, in the time .

interval 0 st<t, we haye n = 0 and from Eq. (VII<11)

{‘"1’- N

~

e s

Ju
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Ao
e oM A “As (VII-14)
A. @ (To+t)e ] |
tt=0,C~
and a o A Ao ‘ .
from which gx- ' ) )
Bo = 2 @A? 0 (V1I-15)
and upon substitutin@‘of Ao in Eq. (VII-14) there is obtained
e S [k R, (116)
A *;*'[ ak\TT ¢ K
At t = t;, we have ’ j&
C (0) = CAD [.l_q_.k(\'['o )] ‘ (\VI'I.—]?)
A °© : Tott : ' '

e

'hhich becomes the boundary condition for the next segment.

In- the interval ta< t<t,,we have n = 0 and from Eq. (V11-13)

c
Cy = —Ro 4 Do(To+stc-Bt)e/B (V11-18)
<} - . ;

and at t = t;, Cp = CA?°?yTelqing

akCa _ 1
o= o A~ NIo e \‘ - o
. o ey, | TEEE (VII-19)

\:ﬁﬁch upon substitution into Eq. (Y11-18) gives
) &

i C 5. ot gt -8t
Cpr = [Tk («—\-«—H-*—)Q/BJ _ - (v-20)

. — - .‘l'i"

=T IR

TR 2
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where T = T /(r_ tt, }. ‘ : /

The value of .Cp obtained from Eq CVIIeZO) at t = t s the
boundary condition for the next interval when n = 1 and Eq. CVII 11)
holds. The process is repeated in tPe same manner and the general

solution is obtained by mathematical:induction. This is

~

i
H

0 Gy _\__\ﬂs.n ¥ kT"‘f@ (—

o
T, "Mt

_1° 1 @)

N

in the interval nt; < t-< nt, +.t, and

C. ® 1, + B(n + 1) t, - Bt] e/8 ._.
Gy = {]+ Ly pavere 5o L (i)

. (x  + t_)voIB i
V/. ar, : . X
1 '.:}Y%L o N : \

= o
in the interval nt, + t, <t < (n't,liﬁdggwhgggdw =g+ 1.7

LN

Since T = /(1 + tA) is less than unity, TYE‘/B is also less than
unity and“fhe term (TYG/B)n tend§ to zero as n increases. ‘As a matter - a
of fact' Lo ey

Tim (T79/8)"

n e

-

Ceowm T T el . qein-23)

and consequeﬂf?J the, t1me terms in the brackets  in Egs. (VII 21) and
LCYII-ZZ) &anish Therefore, the system comes to steady state after

suff1c1ent1y Tong time and the steady state concentration is

T Mz Ao (VII-24) =%
f: }. o u.k + 1 :
' “"é. * - LY
which is exactly the same as that fow the cont1nuously operated reactor,
s .

under the same conditions, of course.
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2. Irreyersible Second QOrder Reaction

The assu}ned rate ‘e)'(irression for the reaction A + B + R+ S is

18 kcaCg = kCy (1 = 1)C, + kC, (V1I1-25)
Wodt “ | oA -

..rA =

where M is the initial molar ratio of- reactants assumed d1ff§zrent grom one: -

Subst1tut1on of (- r-A) in Eq. (VII 6) by%ts equa1 results in -’
% [,
- [~

0 S o :

Ca, = 9G4 * ak_CA + (z, - nt\ w (V11-26}

. 2%

" which is the differential equation for the accumulation interval in thé
(n + 1)st cyc1e,‘w;1ere g=1+ak Cav (M - 1). Equation (VII-26) was-

solved by separation of variables, and the solution is

C, +a A

. A s ! (VII-27)
é Ca+b (v, -nt, +t)e | -
":- : Ter
3
/‘;her'e
# e = '/g + 4ak CA‘O
3 = g-e
2ak ’
"~ and < .ib =g te
R . 20k
3 substitution of (-r,) in’Eq. (¥1I-8) by its equal in Eq. (Y11-25)
T ff%‘]‘ds . ’ : . \'I
| [ . o .
. , | dCy . -
Do . Cp, = 9 CA__+ ak CA + L[t +8n+ 1)1: - 8t]—x It (vi1-28)
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whose so1ution is

e/s

N cﬂ kA _
= Dp It + 800 + 10t < 6t] (VII-29)

A T +b

where a, b, e, qnd g are fhe quantities defined previously.

Equations’(VIf-Z?) and (VII—ZQ) are the forms of solutions of

the two sets of ‘differentials equat1ons obtained from Eqs. (VII-6) and

(vii-8) wh1ch the general solution was built in a manner similar to that

used for the first order reaction. The general solution is

Cy + 2 Cp *+ @ - T e
=A™ ) rney/s o N
( EE#;—EJ Cpt B T ( ottt ) (VI1-30)

in the interval nt, < t < nfc + t; and

A2 Cataineys L% + 8+ e -sTE i
- Cy+b ‘G, *DH - =
e . Ah 2o+ Ao ‘Tg + ta)ey/B
‘EHE the-1nterva1 nt, * t t < (n+ 1)tc, where T = ¢ /(r, + t,)
e+

.

Since T is sma11er than unity we ha e that
(TeY/By < 1 and

" - ﬁ1n Eqs |

and, consequent1y,\$he twme terms

after sufficiently long t1me. Hence the ,eactor«§§§tem comes to steady

:state and the steady state concentration/@s given by

.(VII-33)
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which:is exactly the same as that of the continuously operated reactor
. ‘ A \
under the same conditions. '

D. Discussion “
* A number of numerical case studies were undertaken on & computer,

by assuming values for the variables 1nvo1eed in the solutions, in order .

to visualize the transient-respense of a differential.recircuietion

reacter-subjeet to cyclic 1ineéftvar1ations of vo?ume. Figures'VIi.B

and VII.4 show typical responses for f%rsﬁ\and second order reactions,

KT,

respectively.

From the cases examined it was found that the transient response

. of the type of the sem1batch reactor considered here always Ties between
N “*b\a the response of the continuously operated reactors w1th res1dence times ~
o
5

o in the reactor system of. T and (r~ +t ), all other variables being |

[
Lol

equal. Thns should be attr1buted to the fact that the mass of the semi---

*batch reactor lies in between that of the continuously operated reactors.a
L : 'h A

/In the. ionq run, however, all-‘three reactors reach the same steady state
> which is a function of the 1n1t1a1 concentration, the rate constant and
the ratio of catalyst mass to feed: f]ow rate. -
Though the mathematical ana]ysis showed’ﬁhat;ifor‘the kjnetics
considered,.:;e\sehfbatch reactor comes to é%eadjégtate and in this
regime the diecontinuous operation-of the reector &qes qottcause thej o
" reactor. concentration to f]uctuate; it wou]ﬁ be eXpeCteditﬁet concentration
fluctnations due to the accumuIat1on and discharge 1gtervals would
occur dur1ng the transient per1od " Since such fluctuations wefe not
obvious in the.computer plots of the trans1ent'response,'due'to seq1e é??
Timitations, and not easily discernib]e.f;om the numericat output, it

= - ¢ ‘P]
27, :

Qﬁ
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3 e . L
was dec1ded to exam1ne the difference hetween the/;oncentration’of a
cont1nuous1y oper&ted reactor, whose response,is smooth decreasing
function of time, and that of the semTBatch reactor. Tﬁe‘cdSes stndfed
shewed that concentration fluctuations do occur, and Fig. VII.5 and VII. 6

illustrate the fluctuations in the response of f1rst and second order

- ;k1net1cs, respectively, corresponding to the cases shown 1n Fig. VII. 3

and VI1.4. . For these i1lustrations the residence t1me in the system for

the continuously operated reactor was taken equal to {t '+ o.s'ta), the

_ average residence time in the semibatch reactor. The fluctuations depend

on 8, the rat1o of accumulation to d1scharge time intervals, all other
‘variables. cons1dered constant. F1gures Y1I.5°and VII.6 have actual]y

been plotted for different g8's in order to show the effect of this

"parameter on the magnitude and frequency ot these f1uctuatjons dur1ng the

&
trans1ent period.

LIS
1

The atta1nment of steady state and the Tack of concentrat10n
fJuctuat1ons in that regime imply that the determ1n1ng factor in the
ehav1our of the semibatch reactor cons1dered IS the 1nvar1ant quant1ty
of catalyst Hence the 1nd1c;t1ons are that d1fferent1a1 rec1rcu1at1on
reactors operated W1th on-off control of the exit stream will coe to.

-

steady state for other Pate express1ons as well:

L e - »
w -

.g., \ s -
oo
\
- "y %
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VIII OLIGOMERIZATION REACTIONS ‘

The reaction model coﬁsiﬁe}ed byvfbntaha for the-pregondéﬁsation =7 j
. 5stage‘reacti0ns'NOUld“be app1ﬁéable.1f polymerization‘reaqﬁioﬁs.doInot )
occur during this stage to any 515n1ficant extent. Undér this'assump%iog?iw

the reaction model given by reactions (VIII-1) and (VIII 2)

Ro+g — Ly R’g’ +m | (VITI-T)
. . ke ' ) o - '
- . R + Rg ...__._)R,glg + mt (VIII-2)

. m-

Y
-

could be used as a basis for_develobing‘adéquate kinetic models for this
stage. For this modé] to be of ény value, however, the additional -° °
assumption of Flory's principle of equal reéttivigjes [41] must be made.
Bufythe'princip1e‘écknaw1edges the possibility of deviations when'the
funétigpa?fb¥oups are attached to low molecular weight species so that
-its app]ication to the Sbove s&stemuwithout supporting experimental
eQideﬁée is not warrantéd. _
Nevertheless,‘sincé Challa‘'s data [8] Ted.him to conclude that the
. two methyl-ester: groups on DMT are equally reéctive, it may be safe to
assume that the’reactivity of mé%hy]-ester end groups on dimethyl
terephtha1ate and on o11gomers 15 the same. There is no evidence‘with‘
regard to. the-react1v1ty of the hydroxyl group of the 2- hydroxyethyl-
ester énd group attached to-monomers and oligbmers wand the assumption'
must be made that this react1V1ty is 1ndependent of oligomer size. ’Iﬁ

% = other words, it is assumed that ‘the react1v>tyof-{nlgroups on MHET

. *

BHET and oligomers is the same but different from that of -OH groups on
".glycol.
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+ing an adequate kinetic model.

‘ ;3-,;' ) . o . . e S )
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Nith the aboye assumptions we may proceed to ana]yze the’ kinetics of

o .the reactTons (y111-1) and tVIIIuZ) by~using -only. two rate constants, -

one (k) for éster interchange reactions and one’ (kzl for the transester-’
ification reacttons, In other words, the assumptions have reduced the
complex system of reactions in terms of molecular species to the above
fairly'sjmp1e‘system in terms of functional gfoups. fhis is a competitive,
‘consecutive mode1.for which rate expre;sions could be,est&blished by
determining the profiles of_ethylene glycol and methanol. - The pfﬁfi]esﬁ

B *

of the other components would be estimated from the following material

balances: e
R=R -m - T (VIII-3)
‘R = 2(g, - 9) - m s (v11I-4)
RR = m + g - % ~ (VIII-5)

wpere it is assumed that only DMT and glycol are used at, the beginning of
the reaction, and ethylene gTyco1 is expressed in moles whiTe’the other
quantities in equiva]ént's. An alternative approach in’glucidating

the kinetics of the above system is to determine experimentally only one

component [42]. Because the ayailable transesterification data are one

component data a variant of the latter appfoach was followed in establish-

4

A. Oligomerization Mode]

The various pub11shed kinetic studies though inconclusive indicate

that the reaction rates in the precondensatdon-stage ‘have an overall order

. of three, with one order each for methylester end—groups, hydroxy1 or.

2-hydroxyethy1 ester end-groups, and cata]yst concentration. The folTowing



ana1ysis is, therefore, deve]oped for tthd order k1net1cs Also,

following- the genera11y~accepted practice I43], reaction rates are def1ned N
., »3 ’ T ‘P“ ’ ;

) in terms of equ1va1ents. Iy ,
‘ . The rate expressions for hydroxyl and Rg groups are: ’ TR

(VIII-6) "«

dg L
1 e
— — = -2 ki [Ry] [g,] N
Yy dt Rpd 19 Ll
and |
respectively. The rate constants k, and k, are defined in terms of

equivalents with respect to R, ge is ethylene glycol in equivalents

and ‘the brackets denote concentrations.
Equations (VIII-6) and (VIII—7), expressed in terms of mo]es for

glycol, become -

1 dg _
v dt - 2K _[Rm] [g]:[ N.C-] - [(VI;I-B) :
» ! dR : o ‘ ¢
L8 gk IR IOIN- K, [R IR T INJ " (v111-9)
vV dt 1. [RyILaINC]- K, [RGIRGT DN o e
and, upon dividing Eq. (VIII-9) by Eq. (VIII-8), the following -
, differential equation is obtained o - B
by : : d R‘ ) v ¥ . wta."'ﬁ‘
o g _(g) Ry | 1 - LVIII 0)
where « = K;/2 ky. Since » s unknoWiithe solution of Eq. (vIII-10} are
- ) , N
«- . o : ' . . )
PO Y N . ) A 't\_. (1 "Evl . -
Sl R, =<~~r |lg - 9°-0] forc#l (v111-11)

IO i)
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and L
. .

gg =g TIng, ~In'gl for'k=1. 01111.12)

: wmch for a particular value of x, establish a product distribution

relationship. i 2
- & -
-The rate of production of methanol, or of methylester end group
conversion, for the oligomerization reaction model is:
dm g

=2k R (g +iR. )”c/"

(VIII-13)
dt

whefe V,'tﬁe reaction volume, is estiméted by means of the volume
functions gi;;n by Fontana [13] -(see Appendix D).

Fitting of the model given by Eq. (VIII-13) to methanol data of
unp]anned experimentS‘requ1res knowledge of k, so that the model as well

as the product d1str1but10n ‘function between Rg end-groups and ethylene ;‘ﬁ

glycol are comp1ete1y defined. In the absence of such knowledge, one

might follow a trial- and-error procedure’ diwhich arbitrary vdlues are

ass1gned to «:and the resu]tanf mode]s are examined for adequacy of fit.

The deter%ijat1on of product d1str1but1ons from the methanoT data’
is carried out asfollows. For k different from one, Egs. (VIII_4) and
(VITI-11) yield: o

[~

61(g,x) = rﬂi;[_gpiffg"“f-gl 2(8,-9) +m =0, #] (vi11-14)
while for  equal to one, Egs.(VIII-4) and (VIII-12) give:

6,(9,%) = g [Ing, ~ Tng] -2 (g, ~g) +m=0, %=1  (VIII-15)

" so that either Eq. (VIII-14) or Eq. (VIII-15) may be used to estimate
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A

the amount'o} ethylene glycol remaining unreacte&.when m:moles of‘
methanol:‘have been produced. Equat{ons'(yIIIwﬂ4)’and“CyIIIk15) cannot |
be solyed analytically but the funct1ons 61(g,%] and 6 (g,k} are well
behaved, as the typical graphs in Figs YIILLT and VIII 2 show, and the
root may be located by Newton's a1gor1thm [44] in Just a few iterat1ons
Subsequent to estimating ethylene e/yco1 by the above procedure, the
equiva1ents of 2- hydroxyethy]ester end groyps (Rg) and of the methyl-
ester end groups (Rpy) are calculated from Egs. jVIII—4) and (VIII 3),
‘respectively. : * ’ '

The rate expression given by Eq. (VIII-13) will be called the
,011gomer1zat10n model. The procedure of fitting this modefzto actual
data depends on whether the data are isothermal or not.

B. Oligomerization Model. Non-isothermal Data

- A it waé'mentioned earlier, it is generally accepted that it is
very hazardous to try to fit kinetic models to non- ~isothermal k1net1c;
data. However FOntana -used such\fiﬁp to establish kinetic models, and
* for the sake of comparison and examination of the consequences,
non-isotherma] data have been analyzed by the author as we11

The model was fitted to the non-isothermal data reported.by Fontanq
(see Appendix D) by us1ng the d1fferent1a1 method and assumed values of
k and both of the f0110w1ng approaches In the §>rst approach, which is
the same as that followed by Fontana, Eq. (VI1I- 13) was used to calculate
ki . values. For each value assumed for the parameter x the data yielded

one set of k, values wh1ch were subsequently tested for significance of

correlation with reciproca] abso1ute temperature accord1ng to the equation:

1 ky = 8y + BT

et ———T I
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and 1t was found that the correlat1on for eacb set was sign1f1cant at

the 0.001 proba5111ty Teyel, Table YI11.1 g1v@s’%he results of ‘fitting

- Eq. (YIII-16] to the Calculated values of the rate constant .for some

va1ues of «, wh11e‘F1g. VIII.3 shows some p1ots of ky versus 1/T.

“In the second approach, Eq. (VIII-13) was.transforhed to:'ﬂ -

:,; a“'- 2A EXP (8/T) Ry, (g + =R g) c/v (VIII-17)
which is a non-linear model. Eq. (VIII-17) was f1ttgd to the experimental
rhtes for different values of g using a non-linear least squares routine
[45]. The results of fitting, given in Table VIII.2 show the error sd;”
of squares to be of the same order of magnitude for each and every ’
preassigned value of x. In addition, plots of residuals aga1nst the .~
estimated rates showed no abnormality, and the error sum of squares is "L
very low indeed. |

Based on the above analysis it must be concluded that the model,
Eq. (VIII-13) fits the non- -isothermal data for every value assigned to
the parameter «. Fontana assigned to « the value of 0.25 by a so- ca]]ed
interpretation of the value of the polycondensat1on equilibrium constant
obtained by averaging the observed values over temperature and degree
of po]ymerization This averaging process, however, could be noth1ng

more than a crude approximation because Chal]a s data [46] have ‘shown -~ \
that the polycondensation equ1l1br1um constant (K) varies with degree o#ﬁ -k)

polymerization and the-fo1]ow1ng ana]ys1s demonstrates that K varies

significantly with temperature as well. s )

N 14 S
““““ 1{ ! .
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g | L, _ TABLE VIILT |
d _ ‘Besults of Rate Constant, eqression
S ._ .kz/kl K- 8 ' Qi. E(Kca](;:jﬂel AN
‘ T2 150 76,5165 | <4340.6 78.6-
1|05 88948 | -5837.4 | 10.6 A
23 | 0333 | 0732 |-6126.9 | 22 \
e | 058 [ v2ame | emseis | 3
173 | o.6666 | 14.325 -7691.5 |, 15.3,
‘ 174 | 0.125 15.873 | .86 | 16.6°
TABLE vrfliz .
Non-Linear L,S. Anglysis of Rate Model
Error gum of ¢ -
k,/kq K ~Squares (X 10°) A B - E(Kca1{pq1e)
: 2 o 0.520 1157.2 | -4583.4 9.1
: 1 | o 1.06 18772.0 | -5764.9]  11.5
2/3 0.3333 1.40 138450.0 | -6627.0] 13.2 |
"2 | 0.25 1.55 619400.0 | -7278.3]  14.4
173 -|.0.1666 1.58 | s251500.0 | -8211.9) 6.3
174 | 0.125. 1.48 22916000.0 | -8858.0]  17.6
;
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C. Polycondensation Equ111br1um Constant and 1ts Imp11cat10ns ~

111111111111111111111111111111111111111111111

_ Yalues of the poncondensation equ111br1um constant &1,
experimentally determined by Fontana I13] and Cha]la [46] for about the
same degree of polymerization, are p1otted aga1nst absolute‘temperature,
in Fig. VIII.4. Least square analysis of these data showed that a

'signif1cant correlation (correlation coeff1c1ent r = 0.8935) ex1sts between
K-and 1/T at the 0. 001‘p;obabiljty level. L ‘i; -w{

SR Ar

The least-squares line is given by Eq. (VIII-18)
Ink - = 1049./T - 2.775 L (VI11-18)
wheré point (0 43,2.21 x 10~3) was not taken into account in the

W ‘/;'

.corre1ation, having been discarded as an out11er by the extreme deviate '
test [47] at the 0. 01 probability 1eve1

The standard heat- of reactjon est1mated from Eq (VIII 18) is equaT
to —2 08 Xcal/mole, and th1s value is in very good agreement;w1th the
value reported by Challa [46] Equation (VIII-18) ‘shows that the
p¥1yconde;sat1on equ111br1um constant is not very sensitive to .

f temperature However, the constant does vary, and as a matter of fact -
its value should have varied from 0.5 to 0.75 for the temperature range’
" of Fontana' s transesterif1cation data.

The temperature dependence of ‘the equilibrium constant substant1a11y .
underminesqfontana s claim that “the value of K determlnes-the ratio of
kz/k1 for, if the claim were true, it should not have been’ possib]e to
correlate the kinetic data by assuming a constant. value of whén its o
actual value Ehouid'have cbanged by 50%. Also, 1;fihe c]atm were true . -~

" {t should not have been possible‘to correlate the data,by the numerous

and widely different values assumed for ‘xin the present analysis. It
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may b%; however. tﬁat the nse of nonaisethermaI data does nofwafford=anyi
digcr1m1nat1ng power to the model, and this possib111ty nmde further

-

4 t.. ) R

testing of ‘the kjnet1c-mode1 with" 1sotherma1 data- neceSSary. . ?;W s

v = A L P P

- D, “'01190mer1zation Modei‘“Isothermal Data s

Most ef the k1net1c data obtained and used by Fontana were -non- o«
isetherma] “but he did report the data of a run. wh1ch he c1a1med had- a
constant temperature‘port1on [Table I1 oﬁ-13] The temperature does |
vary eslittie (see Append1x D) but these near- 1sothern5? data might

safely be assumed isetherma] However“‘hecause the ai‘/ﬁgs to esiab]ish

~ adequate and conclusive kinetic mode1s modeT testing was .not restr1ctedla

Appendix D, which were read off fr

to these data but was extended tomxzelude the 1sotherma1 data2 given in
the graphs reported.by Peeb]es
and Wagner [12] and Tomita and :ﬂ [Fig. 2 of 18] ' ' JZ

Fontana analyzed his near- sotherma] data but his_ diffﬁ?ent]

B I

ana]ys1s was limited to calcul t1ng K1 va]ues*gc;ord1ng to Eq. (VIII-13)

‘with ¢ = 0.25 and averaging th va1ues thus obta1ned. The coefficient

" of -variation of these ki values\from the mean arefhot random and further

analysis using standard kinetic a alysis techn1ques was undertaken. To

“‘ this endwaq (VIII 13) was modified to - | . {‘

gf - 2k1NCf(m,K)

where

: - ' \ RS
f(m,x) = Rmtg;+ KR, )/v o ' ‘ CVIII-%O)F'

' Equat1bn~(VIII-19) shows that kif Ehe assumed-model is yalid, the graph .

e ¥

of methano] production rates. versus f(m,n) should be a straight 11ne
passing through the or1ng. Figure YII1.5 1s the p]ot of the numerica11y

2

computed rates aga1nst the. absc1ssa w1th Kﬁequal to O 25, the va]ue assumed

-

iy
Wi,

 (VI1I-19) C
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~dey{ations are not randOm, and this lack of randomness Tenders~bb€h the
least squares ana]ysis and the model invalid. It-must:etherefore be
concluded thaL-Fontana s near~isothermal 1ntegra1 data, ana1yzed by the
d1fferent1a1l;ethod doJ;;;T‘—qport his. model. However, beeause the an-
alysis ofg1ntegra1'data by t:E;differentia] method is subject to potentially

-1aﬁgererrofe; if was decided to use the infegra] method in testing tee

-

" oligomerizhtion kKinetic model before drawing: final conclusions about its

- adequacy.

o T
To this end, Ei. (VII1-19) is rewrittén as:
~dm . ' - .
- The left hand side of Eq. CViII'Zf) caﬁﬁet be 1ntegrated ana1yt1ca11y

because of the comp]ex1ty of the function. f(m,g) but the 1ntegra1 in

Eq. {V111-22). o j" - ,
K(m, ) {é%)%zhwcr - )

may be eva]uated numer1ca11y, and numerical integration make application
of the 1ntegra1 method p0551b1e _This approach is essential]y the same
as the approach in the cese when the 1ntegra1 in Eq (VIII-22) may be™
obta1ned analytica]]y. the ‘only. dwfference between the two being the
‘:way.the integral va]ues}ire ca1qn]ated._.€he numerﬁbaI {ntegration may
be;Earried out using ;ﬁ§ numerical quadrature routine. Since the function
1/f(m,c} 1s a smooth increasing function ef m, as Fig. VIII.6-shows,
Simpson's rule [48] was used to evaluate the 1ntegral us1ng a su1tab1e

»

. step-size and double precision arithmetic.

2
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ff‘; Ana]ys1s of the ayailable transesterification data us1ng the 1ntegra1
method was carried out by assumung values for the parameter k, that is,
assuming the ratio of reactiyities of hydroxyﬂ groups on free glycol.and
half-esterified glycol, and £e§t1n9 the correspondfng‘mgge1 for adequacy.
bf fit. First the value asébméd by Fontana, 1. e. 5 0. Zé was “tested
and s1gn1f1cant trends in. thﬁ residuals showed that the model was I
inadequate. Other values for « were also assumed and some typ1ca1
r;sqlts of the ana]ys1s are shown in Figs. VIII.7, VIII.8, and VIII.S.
.These Figures make it quitg clear that'the various models are inadequate.
Only very low values of « givé a reasonable fit, but.only _

in the case of Tomita's datadan entirely adequate fit is obtained. How-
ever, at these low values of « the importance of the transesterjfication
reaction, Eq. {VIII-2), becomes negligible. It musf,_therefore, be
conéluded that oligomerization réactfons-do not proceed_to any significant
extent during -the precondénsation stage., This conclusion is validated
‘by‘the available one-component data for methyl-ester end group

conversion up to 90% and-initial molar ratios of ethy]ene'g]yco1 to DMT
.greater‘or*equai-toltw6;~dhdyseems to be confirmed by the work of Sorokin
énd Chebotareva- [17] who reported the jdentification of MHET and BﬂEf
only. _

The 1ﬁp1fcation of the aforementioned conclusion is that the - \$>>.

reactivity of hydroxyl groups on half-esterified glycol is, in the .fji"
experimental temperature range of 1?5?C to,i97°c; negligibly small whe:

compared with the reactivity 6f hydroxy1,gfbups on free ethylene gTycoI.
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IX METHYL-ESTER GROUP REACTION
The canclusion drawn in the ana1ysis of the ol1gomerizat1on mode1
clearly 1mp11es that on1y monomer ester interchange react1ons should be cu !

considered, namelyi ~ . S

CH,00C -<:(D—coocu3 + HDCHZQH'ZOH—-CHBOOC@— CODCH,CH,0H + CH3OH

-

+ -(IX-1)

- " ~ f

- . X .
cH300¢ O - COOCHCH20H + HOCHCHaBH —=HOCHZCH,00C {O)-concHCH 04

N L]

+ CHy0H (1x-2)
'_*3' - . /
These reactions were hypothecized ?:/Bgebles and Nagner 2] and‘proposed

by Sorokin and Chebotareva [15] on-dccount of experimental eviéé;Le.

Now, in yiew of Challa's finding [8] that‘;ethylester groups. on A
dimethyl terephtha]ate and MHET are equally reactive, ;he ;bove reaction
system may bg compactéd to the reagtion of'a méthy1ester group and
ethylene glycol, i.e., Eq: (11-13) or

E+B—L1-P+m+ ' (1X-3)

where E an&;B are- methyl—ester and 2- hydroxyethyl-ester groups,

respect1ve1§fwhile B.and m are defined as before. ...

A. Methy1-Ester Group Mode?

The kinetic model for the rate of reaction of methyl-ester groups is

aésumed to be:

Ve 1y vV ¥

where Np is the amount of~catalyst in moles, NE is methyl-ester groups
in equivalents, NB is ethylene glycol: in moles, and.-k, is defined in
. terms of equivalents of methyl-ester and hydroxyl groups.
- 115
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The material balances from Eq. (IX-3) are:

: Ng = Ne (1), | (1X-5)
© T N =N (M- - 1%-6) .
| L7 N O] (1x6)
and ) . ' R
N = N X o (1X-7)

where x 1s the conversion of methyl-ester groups, M is the initial

ratio of ethylene glycol to methyl-ester groups 1. e. M= NB /NE , and ‘

m the amount of methanol produced in moles. Now the reaction volume V

" {s defined as: )
VaVo(1-ex) C(1x-8)

where € the fractional change in volume, 1s defined, in terms;of the

react1on yolume at zero, Vo, and comp1ete, Vf, conversion of methyl-
ester groups, by:
€ =(V°—Vf)/\'o . (1X-9)

¥
g

The zero and complete conversion volumes are given [13] in Jitres by:

Vo (0.1915NE /2+0.0605NB )[1+0.0014(6-140)] (1%-10)
' o ]

and

Ve

where o is reaction temperature in degrees Centigrade.

Vo-0.0439NE [1+0.0014(e-140)]. - (1x-11)

By use of Eqs. (IX-5} and (1X<6} and (IX-8)} and manfipulations,
the model, Eq. (1x-4), is transformed to:

F Kl (1E§’£2'*1— (1x-12)

" where ka=2k1Nc/V . Analytical integrals for Eq. (1x-12) are obtained

——
-
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in Append1x E and. are given by Eq. (1%-13), for M different from one
kgt = ux + e1nM%T:_%. # a2l =20 5 - Fy (x) TRE
and Eq. (IX-14), for M equal to one
kt == [e2x + (5-1)2 -+ zs(e-111n(1-x)] a F,(x) (1v-14)
Eo
where ' '
« = g2 - (1X-15) '
g = [2-2M1)e +m(M-1)252]/2(H—1) (I1X-16)

Yy = e[e(M1) - 2]/2

B. Tégting of the Methyl-Ester Group Model

Testing of the assumed methyl-ester group model is carried out by
the integral method according to which plotting of the-right hand side of
. (1x-13) or (IX-14), depending on the value of M, should result in

" a straight line passing through the origin. Only isothermal data were

used in testing this mode1
In Figure IX.1 1nteqra1 values for Fontana's near-isotherma1 data
are plotted against time, and the adequacy of fit is clearly apparent.

The line shown is the least squares line -

Folx) =8, * Bt (1X-18)
. 1

where the subscript is equal to two. The residuals do not show any
significant trend, and, since the.intercept is not significantly different

from zero at 0.001 probability level, it must be concluded that the model

“describes Fontana's data exceptionally well.

0

e
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" The methy1;ester group méﬂeI fitngqmit&'and,Ida's data (the four
sets given in Appendtx D] qu1té well.fénd Fig. IX.2 shows the plot of the
J'm»1ntggral‘va1ues for set Nq.ﬂ1'éga1nﬁtft1me.‘ The relattyely 1afge deviation
of the. point at 120 min may well be the result of error in reading the
‘datum off the graph at:ﬁigh conversion. Of course, fhe ;orre]§t1on 1s

very significant, and, since the 1hterceptfjs not significant]jnﬁiffé;ent ;?;'
from zero, the model’ fits the data very w;11; ) -

The application of the model to Peebles and Hagner‘éﬂifa 1s shown
in Fig. Iﬁ.3; It is very clear that the integral va1ue;; Fi(x), vary
1inearly with timé. The intercept is significantly différent from zero n

at 0.01 probability level but not so at 0.001 probability, and it would be .

)

quite difficult to argue that the model does not fit the data. This 1$‘$;:1f;'~5
\‘~\g borderline situation, and it may gg‘;he to the way the data were =
collected (methanol pumped through reactor).
Some statistics of the least squares analysis of the model are'given
in Table IX.1. These statistics show that the model, tested up to 88% -
conversion with Tomita and Ida‘'s and Peebles and Wagner's data, easily
passes the test for adequacy of fit. Table IX.2 gives the‘appafeﬁt rate
_constants,ls, whféh are the slopes of the least squares lines and the
’true r;tg constants, kl.'for the data ana]yzed in the present work. " The
estimates for the true rate constants given in the last column are very

good and the agreement between the values estimated from Fontdna's and

Tomita and Ida's data at i80°C is excellent.
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... TABLE M. oy
, 5 R 7 Statistics for the
| . i - Methyl Ester Group ‘Model
- Daté' . Degrees . of “F-Value Student st
. Freedom . - for B.e
- Fontana 6 4327.4° -2‘.‘3,99
Tomita & Ida #1 .| 4 % | 1088:6° -0.410
Tomita' & Ida #2 s T 1serad | -0.032
Tomita & Ida #3. 1 5 | 1eea® | -0.34
Tomita & Ida #4 3 561.02 1  -0.380
Peebles & Wagner | 6 '5348.32 -5.416%
a Very h1gh1y s1gn1f1cant
. b - No_t s1gmf1cant at 0 001 probab'thty leve]
” .
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- Tﬁ; utyivatton,energy fpr’zinc scetate was‘estimated~torﬁe 5.6 Kca1/ﬂﬁz
mol by fitﬁjng the hr;henius eqdap{on to the ayerage values of the true

rate constant at 180°C and 197°C. " The Arrhenfus equatton of k, for

Zinc acetate is giyen by: » _ ‘ .
- Tnk, = - 4306.8 + 10.777 : (1X-193—""
The previous ana1ysi§ clearly shows that the kinetic model for
methyl-ester group conversion given by Eq. (IX-12) or Eq. IX-20)

dhg

- —E o 2k,NC.C | ' (1X-20)
¢ | CEB

.

is, in the 1ight of the available experimental data, ‘an adequate model

for the ester iﬁterchange reactions occuring in the precondensation stage.
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"X MOLECULAR SPECIES REACTIONS

In the previous section 1t was shown that.the proposed methyl
ester group model adequately described the rate of conversion of methyl-
“ester groups, or. for that matter,- the rate of product1on of methanol.
.'HoweVer, the mode1 does not g1ve 1nformat10n as to which molecular species
the unreacted methyl-ester groups are attached Since such information
might be desirable and since the above model;js a kinetically simplified
description of the essent1a11y competifivéf-céhsecut1ve reacfion —
"systenkgiven by Egs. (IX-1) and (IX\Z), ¥t was considered advisable to
set up a series-paralliel kinetic mode1 and test its adequacy of fit
Such an analysis should bgien1ighten1ng in view of the conc]u;ions
. drawn by Peebles and Nagﬁér, who, as'ﬁentioneq earlier, based their.
ana1ys1s on incorrect premises. h

ga For the sake of brevity, the system;of Egs. (IX-1) and (IX-2) will
.

o -be ana]yzed in terms of the kinetics of the reactions (I1I-13) and (11-14),

that is _ ~
X A+B_k.L_)R+ﬁ1+ | -~ %-1)
ky | .
R+B—=233 S+mt (x-2)

i

where A, B, R, S, and m are dimethyl terephthalate, ethylene glycol,
‘methyl-2-hydroxyethy) terephthalate, bis-(2-hydroxyethyl) terephthalate

and methanol respectively.

‘A, iYecular Species Hodeg";

From the mathematical point of yiew the system of reactfons (X-1)

and (X-2) is exactly the same as the o1igomerizafion reaction model, and

125
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the'ana1ysis of'the farmér ﬂ111 fol]dﬁ the same steps as the ana?ysis

- of- -the' latter, wﬁicﬁ.was giyen in detail {n the appropriate section._ If'

’Be assumed that a'll the réte- e’xpresswns have an overall drder of

three, ) o %‘ A
The rate of conversion-of A, that is DMT, is assumed to be given

" by: . | H

1 9N

T ki(2Cy) (2C5) Cp | (X-3)

v rooT
where kyis defined in terms of equivalents.of meth]aester groups on
DMT-and_of hydroxy] groups on ethylene g1yco1 Similarly the reaction

rate for R, that is MHET, is assumed to be g1ven by

1 dNp + y Y (X8
R ML LA 2k2cRch c ( )
-

e

where ksis also def1ned in terms of equivalents.
Further apalysis"of this system using experimental profiles of one
. component only requires knowledge of the rate COn§tant ratio, naﬁe]y,
_ kaAki. This, of course, is available from Challa's work [8] in which it
was concluded that the methy1-ester,groups on DMT and MHET are of equal
reactivity, which implies that k,/k, is equa] to one,

Dividing Eq. (X-4T by Eq. (X-3) results in

dN . k. C
R 2 R -

a, "7 T EE, | (x-5)
A A . :

N
or ‘
’ dN N, i
~R_ Ron (X-6)
dN, Ny .
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where k=& ,/2k . \The solutions of the differential gquation (X-6) |

are: ,,,ﬂa :ff
N TA]-K ; S
No= (A ; ‘ (x7Y
e ERILG) T (x-7)
for ¢ different froh one and

for « equal to one. Equation (X-7) or (X-8) establishes a product

distribution re1dt1on;hip between MHET and DMT for a'g1ven value of
«, and i1t is these equations that make anmalysis of the series-parallel

system possible with experimental data of onIy one component, Of

* ¢ourse, since the, value of « is equal to 0.5 only ﬁq. (X-7) is applicable.

However, disregarding the equivalence of methyl-ester groups the models

are, de the sake of completeness, developed for any «x.

The material balances for reactions (X-1) and (X-2) are

- _. - )
Ny = Ny =N (x-9)
\ . _ _ _

L e AN N O, (%-10)

\I - N Al .

A Ng =(Np-Na, )Ny . - ()

and itis imnediately apparent that Egs. (X-7) and (X-10) or Eqs. (X-8)

[y

and {X-10) allow estimation of unreacted DMT, that is, Np» when Nm moles

T e
1

of methanol have been produced.

The rate of methyl ester group conversion is given by:

-

? i
.
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' )
N ,
: - -v* --d—'f a 4KJCACBCC+ ZkQCRCBCC (X"JZ) ¥

since the rate of methyl-ester conversion for equation (x-1) 1§‘equa1‘to
the rate of DMT conversion, and Eq..(X-12) simplifies to
- EEE = 4k N.C.C, + 2k N.C.C ' (X-13)
dt 1CAB 2 CRB .

But the rate of methyl-ester conversion is equal to the rate of

.“methanol production so that the Jatter from Eq. (X-13) is:

- iy
S = Ak NeNg(Ny + kNp) /V2 (X-14)
or
N
D ongity + eN)¥2 a (X-15)

where ké = 4ch1. £q. (X<15) is a generél model for the rate of production
of methanol, which é]ong with the material balance anf;g}sduct distribution
equations might adequately describe tﬁe transesterification reactions. -

As was mentioned earlier, x is equal to 0.5 and, therefore, the
modefwfor methanol prodgction according to the competitiye-consecutive

reaction system is assumed to be:

d :
According; to this model, which will be referred to as the molecular

species mbde}. the produét distribution for thé‘mixed ester is given

by Eq. (X-17) obtained from Eq. (X-7) with :'é%ualpto 0.5

t
e
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) NAo ) o
NR = ,ZNA[(W)O -1 , (%-17)

=

while the moles of unreacted DMT when N moles of methanol have evolved

is giyen by

NAoyQ:5_ ) . | -
ZNA [( A° 1]+2(NA NA°)+Nm 0 (X-18)

Eq. (X-18) which 1s‘obta1ned from Eqgs. (Xa10) and (X-17).

"B. Testing of the Molecular Species Model

- The adequacy of the molecular species modei; Eq.(X-16) was tested
by the integral method. In this case, as for the oligqmgrization model,
the integral in Eg. (X ,9)

Y(N,,,") _?.'"w = k;t (x-19)

where A

y(Ng) = Ng(Ng#0. SNV~ (X-20)

was evaluated by Simpson's rule using a suitable step size and double

precision arithmetic. Equation (X-20) is a function of Nm, the amount of

methanol produced up to't1me t, since NA’ Ngs NR and V are functions of
Npe which are g1ven by Eqs. (X-18}. (X-9), (X- 10) and (I1X-8), respective]y
Newt?n s a1gor1thm was used in locating the root of Eq. (X- 18), namely

Nas required in evaluating y(N;) of Eg. (X-20). As in the case of the ~

oligomerizafion model, the numef1ca1'techniqugs used were very satisfactory

LIS
T,
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and efficient. TeSting of the moiecuiar-snecies model was carried out
using only {sothermal data (Appendix D).

- The results of the application 'of the molecu]ar species model to
Fqntana's {sothermal data are shown in Fig. X.1, in which integral
vaiues are plotted against time. The 1ine drawn in this figure 1s the

1east squares 1ine
Y (N) =8, Bt | (x-21)

for which some statistics are given in Table X.1. It is clearly

evident that the residuals do not show any significant trends and,
therefore, the least squares analysis is valid. Since the intercept is
.not significantly different from zero at 0.01 probability level, Fontana's
data are described very well by the competitive, consecutive model

assumed for the transesterification reactions. )

Figure X.2 shows integral values of the molecular species model
plotted against time for Tomita and 1da's set #1. Very significant
correlations resulted from the appiication of this.model to the four sets
of Tomita and Ida's data, for which some statistics are given in Table
X.1. Analysis of residuals showed no significant trends. and since the
intercepts are not significantly different from zero the serfes-parallel
model fitted the data extremely well. The line in Fig. X.2 is the least
squares line according to Eq. (X-21}. a& )

In Fig. X.3 integral values of the molecu]ar species model app]ied

to Peebles and Wagner's data are piotted against times The figure clear]y

shows that these values vary 1inearly with time and least squares analysis ‘

confirmed this evidence. Some statistics are given in Table X.1, which

show that the intercept of the least quares 1ine s not significantly

(R} i
Lol -
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The statistics given in Tab1e X.1 and the fact that the assumed
mode]. was tested up to about Bs%uconvers1on of methyl-ester groups.
with Tomita and Ida's and Peeb]es and Nagner s data. show that the

molecuiar species model adequate1y descr1bes the DMT transe?terification

- data, Since the model fits the data va1ues for thq—apparent rate

constants, k', which are the siopes of the least squares 1ines, and
far the true rate constants. %, are given in Table X.2. The est1mates
for thé true rate constants are vety good and the agreement between the
va1ue; estimated from Fontana's and Tomita and Idd£§ data at 180°C is
excellent. _

"The éctivatton.energy for the zinc,acetate catalyst was estimated
to be 81§2Kca1/m01 by f1tt1ng the Arrhenius equation to the average 4

values of the true rate constant at 180 and 190°C. The Arrhenius

equation of k; for zinc acetate is given by the following equation

. Tnk,=- 4335.5 (i_zz)‘

.-
The preceding analysis clearly shows that the model_gssumed for

methanol productfon, namely the model given by equation (X-16), which

4

was. derived from a competitive, consecutive model for the monomer s

b i

ester interchange reactions, along with the product distribption_equt%onﬁl

i.e., Eqs. (X-18), (X-9) and (X-10), is, in the Tight of the available.

.experimental data, an adequate model to describe the kinétic§ of the

transesterification reactions between dimethyl terephthalate and

- .
- .

ethylene glycol. o W | o

wmwmmmm- A ’ .

It was mentioned ear11er that the molecular species model would
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" TABLE 3.1 - o
- Statistics for the ..~ "7 . _
Molecular Species ModeT

Data " Degrees F-Value. Student's t

' : of ° -1 for By
_ Freedom :
Fontana 6 4357 .02 -2.892
Tomita & Ida #1 4 1089.2% " -0.413
Tomita & Ida #2 4 1801.22 | -0:210, -l
Tomita & Ida #3 5+ | 195112 - 0.403
L - '

Tomita & Ida.#4™ 3 +561.32 0.379

Pecbles & Wagner 6 - 5379.6% -5.35¢>

_ g N

».. -~ .
e
a VYery h1gh1y s1gn1f1cant
' b‘ Not s1gn1f1cant at 0 001 probabfhty 'Ieve] .
: . j:-'vf ‘:?‘:";-3;'
- :xf* W : .
_(:_.,[‘:__‘_.',_.._gp.n_n:_"(_.-: =
) P
| “ -?\f‘::m .I
» "-:‘." -

]35, ':.! 2
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generaze\kformation on “product distribution which could not be L
L furmsrl?bv the methy1 ~estér group model, This 1nformation is easﬂy
— \/ohtame fron the mode] and the appropriate product d1str1but10n and
-\{""l H

»o ~ ‘
-t - matemal ba'lance equatwns Figure X.4 ﬂ]ustrates the, prodUct
\( . d1str1but10n for the experimental cond1t10ns of Tomita and Ida s set
& > A as gwen in Append1x D. |
- - R : =
™ o:4 g
.h » ) |
R i Ij, -
. .
o 03
E
o
Z
.2
e
s 02
Q
Y
, 041
- 1
.“\n 0-0 - 7 l ' - l - -
' -60.0 90.0 120.0 150.0
S . o TIME , min — ,
N - hd : g :
Fig. X.4 Prodyct Pistribution (Curves 1, 2,3 >
N are DMT, MHET and BHET meﬂes.
) . respectweiy) -

o

3 .
.

w'h
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X1 DISCUSION and CONCLUSIONS

In Ch. VI 1t was concluded that the transesterification of dimethyl
terephthaiate catalyzed by Amberint 15 is, at the temperature of 146°C,.

an unseiectiVe and inefficient process. This lack of selectivity is brought

—- . about by the products of ethylene glycoi side reactions which are promoted -

by the cation exchange resin. . Water, an EG dehydration product hydrolyzes
esters whjie 2- methoxyethanoi and oiigomers of ethylene glycoi actively
participate in transesterification and, perhaps, esterification reactions |
yielging undesirabie esters of terephthaiic acid. Undesirable products
forméd to dn extent significant enough to warrant discontinuation of the
experimental investigation.' |
* On. the other hand investigators of the kinetics of the transesteri-
fication reactions catalyzed by homogeneous catalysts and in the tempera-
_ture range of 175 to 197°C have neither reported ethyiene g]yco] by- pro-
ducts nor obtained ‘data on product dfstribution. It has been inferred that
) homogeneous cataiysts do not promote EG dehydration etherification and
po1ymerization reactions to any significant extent. In other words, homo-
geneous Cataiysts do not give rise to £G by-products which could trans-
| .eoterify methyiroster-groupe‘producino undesirable terephthalic acid esters.
’ Thereforellthe major difference in the selectivity of Amberlyst 15
and homogeneous cataTysts is the extent to which ethylene glycol by- producx
‘formation is promoted Amberiyst 1% §s not-a seiective catalyst while homo- -
geneous cata]ysts are se]ectivo. ‘ “.ﬂ‘ ]
The findings of the present study .lead to the statements given beiow
(;ywhere it is reqa11ed that ‘the terms transesterification reactions and pre—
. 138
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»

condensat1on stage reactions are interchangéably used and refer to the
reactions which take place during the production of bis-(2- hydroxyethy])
teréphthaTate from dimethyl terephthalate and ethylene glycal. The lat-

ter two comooundslare the reactaots and are 1don€df1ed by the §ubscripts

| B, respectively. Subscripts m and R stand for methanol and methyl=
- (2-hydroxyethy1) tefephthalate. respectively, which are two products of

tﬁe'transesterification reactions.

A. A critical anQJysis of previously proposed models for the kinetics
of the precondensation stage reactions in the prsence of homogeneous

: cata1ysts showed that they are inadequate.

8. A study of the transesterification reactions catalyzed by the resin
Amberlite IR-120(H* form) showed that the distillate data could be
described by the model

iy

74

dNp

1 _ &)
“Tm -kl . 6)

f o m—
=where the rate constant, k, at the reaction temperature of 142°C, was

found to be equal to 3.3 x 10-% 12/(mole)(min){g resin).

C. " Chemical analysis of the liquid transesterification product was
achieved by gas-1iquid chromatography after hydroxy compounds were
silylated. The quantitativer determined compounds were EG, diethyl-
ene glycol, DMT, BHET, and MHET. An experimental procedﬁre for pre-
‘paring the latter compou@d ;as estab]ished. The distil]@te was also

quantitatively analyzed for methanol by GLC. -

-
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D. A d1fferent1a1 recytle reactor has des1gned and built spec1f1ca11y

for: this experimentaT 1nvest1gat10n. and, upon testing, was found to

el v

~ operate very smoothiy. . R

A mathematical analysis of the differential recycle reactor operated

with on-off control of the outlet stream showed that the reactor

1.

comes to steady state for {rreversible reactions of first and

second order,

gives r1se to a steady state concentration which is equal to

that of a continuously operated reactor with the same cata]yst.
mass to feed flow rate ratio,” - i 'hL
exhibits;.in the transient regime, concentration fluctuations the
magnitude and freququg-of which depend on the ratio of accumula-
tion to discharge time 1qtervals, and -

has a transient responsé that 1ies in between the response of
contiﬁuous1y operated reactors with fluid vo}umes equal to its

minimum and maximum volume. - .

The batch reactor transesterifigation.data obtained in the presence

of Amberlyst 15 and at the temperature of'146°C did not lead to  mean-

ingful mass balances and showed that

1.

intrap&g;ic]e diffusion effects are significant at the reaction’

temperature and for the resin particle sizes commercially avail-

able,

- .. :
dehydration of ethylene giycol is great]y”prowoted by the cation

exchanger. The ethylene oxide, which g% er]y' produced, initi-
ates other reactions which, in tdta], convert about one third of

jnjtial glycol to undesirable products, -

.
e
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the ethylene glyc61“by?products participate in ester interchange

reactions and conyert a significant fractioﬁ of DMT to unwanted

esters | o

-

the water produced by EG dehydration hydrolyzes esters yielding
: ' X
free carboxylic groups, and,

. therefore, the transesterification of dimethyl terephthate with

ethylene glycol s, at the aforementioned experimental conditions,

an unselective and inefficient process.

. Analysis of the kinetics of the transesterification reactions, in the

presence of some homogeneous catalysts and in the temperature rangé
. @ L. -

of 175°C to 197°C, showed that

H.

-

1.

oligomerization reactions do not proceed to any significant

extenf. and

. _the reactivity of hydroxyl groups on half-esterified glycol is

negligibiy small when compdred with the reactivity of the same

éroups on free ethylene glycol.

Statistical analysis showed that

1.

the methyl-ester group model i.e., the rate,exprgssibn given by
Eq. (1%-20)

dN
L - (1x-20)

where subscripts C-ang E refer to catalyst and methyl;ester

PR

grbup, respectively, adequately describes the experimental

- transesterification data obtained in the presence of some

hqmogeneous.catalysts, and
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o I .
2. tJL Arrhenius equation for zinc acetate cata1&st is

Tk, == 33082 4 40,777 |

e

3
4

LN

(1x-19).

. ' -

. R .
*“with an activation energy of 8.6 Kcal/mole.

I. Statistical analysis showed that

1. the molecular species mbde1,51.e.. the rate expression
by Eq. (X-16) \ '

b

_ : =

d‘l&ﬂ . 5
— [ J 2
e T K Ny # 05NV

4

where K, = 4 kyN_ and |

c \ ' b

\ | ;
' Ny, 0. 5. - e
Ny =2N, [ (‘a:&)é\‘ 1 (X-17)

is an adequate model for the kinetics of the transesterification
reactions in the presence of some homogeneous catalysts,

2. the Arrhenius equation for zinc - acetate catalyst is

o Tnkps - 3EBD 490,880 T (x-22y

with an activation energy of 8.6 Kcal/mole, and
3. the molecular species model provides information about product
~ distribution which is not ayailable from the methyl-ester group

model.

P
Ld{-
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NOMENCLATURE

a 'R} “Constant

A..

" _DMT . ' R

-chem1ca1‘spéc1es

-area-

-integration constant

. -proportionality factor

-constant

. ~EG

. ~chemical species concentration

~catalyst mass

. ~valve flow coefficient
. —Hist111ate mass

.. =capillary diameter

-integration constant

. -constant

. JmethyI-esigr‘group
. -résponse factor -
. -mass flow rate

. -constant.

. -specific graiity -
. -rate constanf

. -rate constant

-

-polycondensation equilibrium constant - .

. ~liquid sample mass

A
-batch reactor mass

<F Lt .
. -batch redctor mass

™

-capillary length ‘ )
145

counts

)
moles/1

moles

¢ g
ft

-moles/min _

=T T- BT- "

wa



-methanol

-chemical species mass

M .. -initial molar ratio of EG to DMT
~ ~initial ratio of G moles to methyl-
ester group equivalents
n .. -number of cycles _
N .. -chemical species mass
-functionéI-group nymber |
P .. -pressufce""_;_:_, l\
-2- hydroxyethy1‘gfaup
qQ i -volume'tric rate ot flow |
r.. -reaction rate
°R .. -monomer or polymer molecule
-MHET
-peak area ratio
s BHET o
-component mass withdrawn byk sampling
t .. -time . .
T .. -abspiute temperature
-consgﬁnt ACRLN
y .. -molar yolume of methanol
g -feed flow rate |
| V..; -reacforifo]ume o
W ..;—mass fraction <
W.. -massqoffcation exchange resin
X .. -DMT conversion, (NAD-NA)/NAo
"o

5
;{-
1

146

mo18s

equivaients

1bs/sq ft

cu. ft./sec

moles/(min){g-resin)-

moles

-

min . ,,,) -~
OK & \

dimensionless

1/min

Rk

N



Subscﬁiggs

;ehethy1-ésten gr@up boﬁQers1oh, (NEQ-NE)"/NE° -:

. -
-

' e

- T e L,y

LT v

a .. -accumulation’
-apparent |
AL -DNT
B .. -EG
c .. —cycle' A
.'1catu1yst
d .: -discharge _
e ..)-equiva1ents of ethylene gTycol
E .. -miethyl-ester group. A
f .o ¥;uant1ty at complete conversion
g .. iZ-hydonyethy]-ester ’
i:.:\jFomponth index o o
3. 9Samp1e index
m —methano1
-methyl-ester
n.. -Eyc]e iﬁdex
R .. -MHET -
s .. -internal standard
X .. -chemical species
o .. -base or initial quantity . ]
~index
1 .k-index
. =index
3 .. - index

147



o ,'Superscripts S

e . t‘

o L T e et
B I * - R

f .. ~outlet ﬁonditions B P o
o o= -1n1et conditions -

IR v1dentif1cat10n symbo] - ' ' . | E

-" &

Greek Lettefs :

T -

o . -constant S

*-aratio of cata]yst mass to feed f1ow rate (g-resin)(min }/1

Y

~ B .. -regression coefficient
' [y
-ratio of accumulation to discharge time

1ntervaT§ ﬁ%

-constqnt

-
- 7
1

v .. -constant K
. ~difference
e .. -fractional change in volume

)

6 .. ~constant

iy R i
[ e
G

o~
e

~-témperature ‘ °C

\
4 =
>

« .. -rate constant ratio v - . =
W .. -viscosity . L 1 /(ft)(sec)’
p .. -density . ' . S

- Qstandard deviation

e
Q

T .. -reactor residence t1me ' '

' ¢ .. -partial yield,,-(Nx‘ui )/(NA-NA !

4

— L.:.L'.!’H,N
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“* APPENDIX A | |
gAs CHROMATOGRAPH/IC ANALYSIS I
CALIBRATION DATA b

Calibratibn:curves'fortHQ;?;;ﬁid product cqmpoﬁnds, hame1y, ethylene

random1y chosen comb1nat1on of the foﬁ? preass1gned 1eve1s of each

compound" Two'of the 1evels were the extremes of the c@gsen range

for- the compand wh11e the other were each about ha1f way from:the

diethylene glycol, dimethy} terephthalate, iﬁéthy'l-(Z-hydroxyéthy’l)EEa
terephthalat ,‘and bi§<(2-Hydroxyéthy1) terephthaihte, wera estainShed ’—:‘?v
using four;'ynthetTC m1xtureab The compos1t1on of these. m1xtqres was a -

m1drange and one extreme These samp]es were d1sso]ved fL 5 ml of solvent

and aliquots of the' resu1d1ng solut1ons were taken for s11y1at1on

1
Si]y1ated solut1ons were sampTed with a 5u1 syr1nge, prec]eaned by means

[éaner; and chromatograph;d accord1ng to the progédure
given‘i‘ Chppter Iv. Each chromatogram y1e1ded individual peak areas in
term of 1ntegrat1on moduie counts from whith the camponent tp internal
standard peak area rat1os were ca]cu]ated The component mass. levels

and the correspond1ng peak area rat1os are g1ven in Table$s A. 1 and A.2.

. y
The ca11brat1on curve ‘for methanol was established using rep11cated

-

‘ chromatograms at thré; methanol mass 1eye1s.° ?he ca11brat1on data,are

given. in Table A.3. . - I i%.;gm

w

ave,

b

‘/‘- B

o
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“ 150

ﬁ " TABLE A.1. ‘
) /GLC Calibration Data . .
Ethylene G]yco]v Diethylene Glycol . Dimethyl
o Terephthalate
Mass, g | -Area Ratio |™ Mé§§. g | Area Rei”ﬂq 7",$1a's~s. g | Area Ratio
- KO.\(J\BZ _ 0.165 17 0,82
| o;foga . 0.66 0.0102 | - 0,160 0.1091 {.344
| 0.677 ‘ 0.164 -* 0.831
(Y 0.323 0.314 0416
0.0524 | 0.344 0.0201 4| 0.322 ' :'0;6546 0.407
' 0.355 | | o0.337 ' 0.410
s
0.159 0.422 ) 0.214
0.162 0.428 0.212 <
0.165 0.428 0.217
0.0265 0.166 0.0295 .| 0.425 0.0286 0.203
0.159 ,0.823 0 | 0.202
0.161 ~n 0.430 0.200
0.169 0.436 ] 2| 0.203
x| 0060, 0.426 S | 0.202
. 0.797 - 0.083 1.063
. 0.819 0.083 1.057
| 0.812 0.079 1.066
0.1293 |- 0.838 0.0051 0.088 0.7101_ 1.082
& 0.851 0.080-- | 1.072
’ y ~0.829 0.089 . 1.076
0,860 0.086> 1.081 ¢
_ " 0.829 -0.090 . 1.077
N "L .| o.079

-

RS
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e e | |
o ‘ TABLE A.2
¥ ( ) "-GLC Calibration Data
- \
_Metl'uq_e-;_ e%zh?:Hhxad aogéyethyl ) | | B{ 'T'; g;m:ﬁ{: thyl)
. Mass, g Area Ratio | Mass, g .| Area Ratio .
0.940 =~ | 0.5
~ 0.1091 0.985 0.0569 |  0.559
| o 0.965 I . 0.537 °
0.476 | ‘/ 0.971
e~ 0.0543 |. 0.479 - 0.1069 1.020
- 0.482 i 0.928
SN - 0.272 . 0.308
0.265 .| 0.274
1 o286 - | 0.335
. . 0.0296 0.268 . 0.015 | . 0.291
0.264 N 0.295
0.263 . © 0.283" 17
0.264 0.279 "//i:::zp
R 0.260 : 0.266
1097 ’ 1.222
N R - 1.273
“_\S | | R RU -<;~\ 1.253
| 1128 | ves
0.1280 1.105 - 0.1317 1.219
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ﬁfﬂéthano] Calibration Data

TABLE A.3

Mass, g

Area Ratio

[+

0.2387

0.967 -
1.007
0.979

i
0.197

0.811

0.1591

0.677
0.658
0.650
0.657
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; APPENDIX B
" FEED FLOW SET-UPS
» . .. At first the simple and fnexpensive method of pressufizfng the =~ s
. feed tan£ with nitrogeh was used to sUpply the driving force in the
B ;é%éedhf1ow'system. a schematic of,whiéh is shown in Fig. B.1. A fine

t~?;jmetg5*ng valve (Nupr_oR "s" éeries,_cv = 0.004, 0.031 in. orifice dﬁa-
meter), installed just upstream of.the rotameter, was used a§.the flow -
control element. When this'set-up was tested, it was found totally -
inadequate due to gas bubbles which frequently traversed the rota-

T meters and made flow setting impossible. The gas pubb]es presumab]y
were nitrogen gas which desorbed at the finé metering valve gcross which
a significant pressure drop developed. '
~ It was then decided tﬁat the reactants would have_to be pumped or Peen
constant heaq tanks shouTJ be used to'provide the driving force. The

. 1attef system would still require pumps for maintaining a constant 1liquid

level, so thé former system was chasen, since it required less money and”
time to set up. ‘

Information about metering phmps showed tha% these pumps wouid give
riSe to pulsating flows, and they were not considered further due to the
unknown effects of feed pulsations on the behaviour'of the recycle
reactor, Pumps which, thérefore, could be uséd were either centrifugal
or gear pumps. However, thecapacity of the latter pumps was much highef
than the required flow rates and fhis led to the decision to set up by-pass

“loops from which the feed streamg would be taken. This decision was

based on tﬁe‘assumption'that the deliyery end of\igf pump would, unﬁer

good temperature control, have stable pressure.‘

htrifugal pumps were
| -, 18 '
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procured and the feed arrangement shown . 1n Fig, B. 2 was set up and
tested

-

"t

a Nhen th1s feed system was tested with disti1led water at room
temperature it was found to regu[pte the f1ow down to 2.5 g/m1n very
well. However, when it was teeted with glycol at 120°C; ‘the f]ow_rate

was found“to decrease continuously, even after prolonged testing which

_should have removed transient temperature effects. - Trouble-shooting

? J

attempts were then aimed at 1oeating the causes of instability, and after
1engthi experimeﬁtatien they were found to be associated with a changing
valve o?ifice and unstable p;essure_head at the by-pass loop. ‘The
variation of the fine metering vd]ve orifice size was presumab]y caused

by deposit1on of m1croscop1c particles suspended in the feed (the Tow

flow velocity could not sweep them away) and transient temperature effects.
The findings_of this york suggested that a new, improved feed flow system
had to be designed. m |

The pressure instability could be removed by either installation of

a pres?sure Fluctuation dampi:;de\nce in the by-pass loop or by using |
constant head tanks. -The 1a tey: solution was choSen since ‘unknown factors
in the former gave rise to doubts about its su1tab11jty. The problems
associated with the flow control element couldlbe eradicated by filtering;
the fluids and using a new flow control e1ement whose temperature would

be fegulated by a thermostated bath. The 'flow control element wﬁé to be

a eomposite .one made from a new fine metering valve with larger orifice

diameter and a pigﬁé]nglass capillary tubing.in serfes.

-
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* " APPENDIX C
 EXPERIMENTAL DATA

1. preliminary Data fer\Amberlite IR:120

_ .The experiméntal methanol. data ODtained from transesterification
of dimethyl terephthalate with eth§1ene glycol in the'presence of
Amberlite IR-120 are given in Table C.1. This table also gives the
amounts of reactants and res1n used in the corresponding runs.

2. Batch Reactor Data “for” Amberlyst\15

. LN
The experimental data for the batch reactor runs using Amberlyst

15 are given in Tables C.2 through C.8. These tables give the amount of

dlst111ate in grams ep]]ected between successive sampling times, the
‘11qu1d sample withdrawn in grams, the solvent volume (as defined in
subsection ]-of Ch. IV) used to dissolve the 1iquid eample, and the peak
area ra%ios-for the various components ootejned from the oas tiquid

chromatography of the samples.

.The above experimental data were used to calculate the moles

of any component converted by reaction, from which the c'or‘nponent profiles

given in Tables C.8 through C.12 were cal%uIated“' The calcujations
were developed on the assumptiom.that the five components ethylens
g1yco] (EG), djethylene glycol (DEG), d1methyl terephthaTate (DMT),
methy]-(z-hydroxyethyl) terephthalate (MHET) and bis—(z-hydroxyethy?)
terephthalate, ;ere withdrasn from the reactor only by'liquid sampling
for- which corrections QErehapp1iedues follows. “
The_maf%ébm1j,.of the ith component in the jth sample was

obtained from the réverse of the calibration.eqoation'(Eq. ws), i.e.,

_ 156
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'ﬁhere Sij’ the correction for component depletion due to liquid sampling, -
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where Bi 1§“the regression coefficient of the_cé]%bratioh']ine )

E S

(Ch.1v), R?J'E Ryj/Rsy 1s the peak area ratio and ¥y 1s_Fhe solvent

used in diss6lying the sample. Then the mass fraction, wyj» of component

i in the jth sample is . .~ . |
-

. iy = iyl (-2)
where 1j is the mass of the jth 1iguid sample. The reactor mass, Lj,
at time 13 is

SIS T | (c-3)
= L1- .= ’ -
o k=X ke1 ©

where dy is the distillate sample; d; and L), are equal to zero at time A

t,=0 and L, is the initial reactor mass equal to the sum of the DMT and

EG mass weighed. Then, the moles, Njj, of component i at the jth sampling

point is :

g

where M; is the molecular weight of the ith component and the moles

converted by reaction are ' g T

o S
J N

......

is given, by: _
L , -1, : _
Sy§e1 ='i=£]kwik/Mi o ‘ | (c-6)

Then, the true mole profile TNij for component i, that is, the mole



" where Ny, s the number of moles of componen% tg£21t1a11y present in the.

159

profi]e due to reaction, at time tj is
o , .;';gjm o fe.7
| Ty = Ny aN, 3 o ( )x

¥ ”.l;‘.

.‘J’

-

reactor. The va]ues given in Tab1es €.9 through C 12 are the true mole
profiles. The above corrections vere cons1dered desirab1e in order to
avoid bias due to unequal 1iquid samp1es :

Further product characterization analyses’ were carrﬁed out
only for the left-fver mass of run R-113B, and the data obta1ned are
g;ven in Table C.13 for EG and DEG cohtent before and. after saponifation
of product Bsing gas liquid chromatography (ch. IV)' in Table €.14 for
total 2-methoxy-ethanol produced during reaction and determined by
GLC bracketing techn1que. The data in Tab]é C. 15 are tatal methyl-ester .
group. content in left-over mass while the data in Table C 16 give the
total free carboxylic group content in the same batch. Procedures for
the_above detarminations are described in Ch. IV while calcylations

are indicated in the Tables or were given previous]y.t A
: N

Gas chromatagraphic ana]ysis of distillate wasfpe?formed onk¥
for run R-1168 and the data are given in Table €.17. In this table the
methanol content in the samp1e is calculated from the regress1on equat1on
~given in Ch. IV. Then, the mass fractioh is obta1ned by d1v1d1ng.w1th

the sample mass given in the third column.

¢
. :f‘,\;
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. © - Table*C.13 o
Free and ‘Ester‘i'fied Glycols /
. : = :
- k] I
. Sample Sample | Solyent | -Peak Agea Ratio | Component*
Treatment | Mass | Yolume - . (moles)
: (9] (m1) EG PEG | EG DEG
None . 5.0 @0 | 0.041 | 0.077 | 01089 | 0.0470
Saponificat‘lc;n " 2.5 50 0.323 | 0.420 0.8259 | 0.2548
'S % In 252 g of Qéft-over mass
_ e .‘ ) . ‘
| - <, !
) L
..f‘\;-\ , ) , Table\C.14 N
| U : Mass of 2-Methoxy-Ethanol- @
| .: o — X e _ ‘
: Source 2-Methoxy75t}%nq1 *
) {moles)
‘ Liquid , &
_?/‘ Product 0.1128
Lt L Distilfate 0.0109
| Total- 0,123, _ .

\

ok
\;\. . \ % ‘.
N . ( i i .
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Table C.15

Total Carboxylic Groﬁps

Solution Reagent | Reagent Volume
g © (m1)
1 N NaOH 50,25
Blank
. 1N HCT 50.90
1T N NaOH 50.25
Sample ‘
(2.5g) T N HC1 31.0

-

1 N NaOH for Saponification of 2.5 g Sample
= 50.25 -[31.0-(50.25-50.9)] = 19.9 m

Total Girboxylic Groups ;\%%ﬁg.x%5%1=

e

= %.606 equivalents |
z

< .

-




3

Table C.16 [T
Total Free Carboxyfic’érouﬁﬁ
= g
Solution 7 N NaOH | .
- (w1} L
]
Blank | - 6.18 s
. Sample 6.85 o
- (1.0qg) :
. |
i
{{I
\

1 N NaOH for Free Acid of 1.0 g
Sample = 6.85 - 6.18 = 0.67‘F1

- 'l ‘I

Total Free Carboxylic Groups= -

?agg X §%§'= 0.1688 equivﬁTéﬁtS

v

.
L,

i
b=
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L Qih; EXPERIMENTAL DATA’FOR HOMOGENEOUS CATALYSIS

Az

point and assuming that the reaction temperature varies 1inearly between ’;Qf

M
Fa

APPENDIX D

The experimenta] methanol data which were used. 1n the ana]ysis of
the homogeneous]y catalyzed transesterification are given beTow

One set of non- 1sotherma1 data were ‘given by- Fontana where the )
catalyst used was 1ead oxide. " The experimental data are: time, methanol

produced and react1on temperature and they are given in Table D.1 along

-t
artes

with the methano1 productuodﬂiates reported by h1m [Table III of 13]. B
_Also one set of near-1sotherma1 data [Table IT of 13] was g1ven by Fontana

and presentedlhere in Table D.2. By excluding the initial temperature

b

successive points, the averageﬁreaction.temperature, @, for the near- -
isothermal datd&ﬁas estimated From _ ' \M

0-
® e (t)dt
‘w5 -

L 60 - - my, |
' l ‘. { tdt ’)_‘ ! - » ll/t@ .

_be 180°@h; In Eq (D 1) e(t) is the instantaneous react1on

B
!
|
———
Lo |
1
—
Lo

and found

Tomita add Ida d1d not report any data in tabular form, so the }

L3

present author had to obtain numeriéal data by reading’ off values from

iy

‘the reported graphs [18]. The probab]e error do1ng so is within +l%

-

'_ and, therefore the data as‘read are not con51dered biased . in any réspect.

[ E3

“Table.D.3 reperts data obta1ned from Fig 2 of [16], while Table D.4
and D5 report_dataeread off from Fig 5°of [16]. The data reported

. in" Table D..6 were- obta1ned from F1g 10 of- the same reference. .

b

175



; o : . . e L
| . . P - e f R
[ ..I"‘ . ’ : B N e

: W ) ‘- oo N

Peebles and Nagner [12] reported the1r data of four rep11cate runs

in a 51"919 graph, and the data Gadd: by "the author were read of f from

Flg. 2 of the reference. The va1ues presented 1n TaB]e Dt7 correspond

to the average conversion, visually 1ocated at the 1nd1cated time.

Néither Tomita and-Ida nor Peeb]es and Wagner reported va}ues for

the reaction volume. Though an-attempt-was nge to est1mate the 1n1t1a1

“and 100% convers1on vo]umes from Tomita and Ida's graphs, it was decided

to estimate the react1on volume us1ng the functions reported by Fontana

-~

[13] aqd g1ven hy the following equat1ons h

ot oNe | +ytone < viat L up) -
Ve = Vourour * VEdEe e )
A ] - ) -
R 7 ‘ . T .ﬂ/ ' d‘ N
vt = 0.1015[1 ¥%.0014(0 - 140Y (0-3)
DMT o T N . !
VEG 1= 0. 0606[1 +0.0014(¢ - 140)] . (D-8)
g _ )
yM 0. 0439[1 + 0. 0014(e BT S = (0-5) .

4

;
-~

t

- " 'D - A
_ where Vt 1s the react1on volume at time t, VEMT’ Vge, VM are the molar:

vo]umes of DMT EG dhd methano],,respect1vely, at’ t1me t, NEMTT nd

N2 are “the mo1es of DMT and EG 1n1t1a11y‘taken, N; are the moles of

EG

f S

" methanol produced up~to t1me t and o is the react1on\temperature Tn

'become funct1ons of time. ;’

-

degreeStCentfgrade For the non-isothermal transester1f1cat1on data, the ’/

'-".'l

react1on temperature var1e5 with time, and therefore the mo]ar volumes

%

-

-
g
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1 - . .
} ‘h..v R
. TABLE D.1 - B
Fontana's. Non-Jsothermal Data .
Nomr = 0.5, Ngg =1.0 "
(;ata]yst: Lead Oxide, NC =2.32 x 10 -
Time, MetHanol, " Rate,™ Temperature,
min moles, | (moles / min)x10 . °c
0.0. | 0.0%8 - 152.2
5.0 0.197.. T 3.2 167.2 .
_10.0 o.(m{/' 3.2 173.2
) 15.0 0.515 2.8 _ - 180.1
20.0 0.636 2.4 184.1
25.0 0.755 2.0 ©.193.0
©30.0 '0.857 1.4 ° " .208.0
35.0 0.906 0.9 , 207.9
65.0 |- 0.999 (v‘lzi ' 228.2 e
e \_/ ;
,“‘ " ~&° -
o _ .
e' ) \j‘ °
- . - ¥
‘ ~‘4
L R
“‘f_"";\‘ - R i




5. ‘f B
TABLE D.2
. Fontana's Near~Isothermal Data >
N°e ' #0.5, N°_ =1.0
Catalyst: Zinc: Acetate, NC_= 1.81 x 107% -
Average Temperature; 180°C .
' Timei, Methanol, _Rate, Temperature;_
min - | © moles (moles)y1o” °C
- ' min i e
- 4 L
0.0 0.035 . .158.2
° 5.0 0.172 2.70 - 180.2
10.0 0.296 2.36 . 179.2
15.0 0.426 1.90 182.1 .

_ 20,0 . 0.508 " 1.55 179.2 |
28.0 ,0.620 1.06 - 181.2 7
35.0 0.677 0,82 180.2
43.0 0721 0.66. | 1742
50.0. 0.762 0.55 - 179.2
60.0. | 0.813 © 0.8 - 187.1

P
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|
'1| ) ™~
! ] : _
s '\I '
| |
\ TABLE D.7 - -
Il e ) -
" f 4 Peetﬂes and Wagner's Data
i ° = °© = N
\. NDMT 0.953, NEG 3.58 (!
{ Catalyst: ch Acety]acetonate, NC = 5.51x107%
} Temperatm'e' 175"@
\\.
SR Time, Methanol,
\ min. -t "~ moles
11.3 0.438
20.0 Y0762
¥ la 30.4 11.039 .
¥ 40,0 1.266
1 49.2,-- .41 7
| £6.0° 1.550
69.6 1.626
80.0 1.683
.l ‘ - ’ ':_;; . ;
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APPENDIX E

% ANALYTICAL INTEGRATION OF METHYL—ESTER

GROUP MODEL

T4 e

The methy]—ester'group-modeljgiven in terms of ‘conversion by

Eq. (IX-12}, i. e.

: dx _
- dt
o

k. C

was integrated by the method of separation of variables.

(-ex)?

(1-xJ(M-x)

. -4

{Fex) (Mx)

a Eo -£X

*;
o

dx = k C..dt
. a?Eo

(E-1)

/

Equation (E~1) is rewritﬁen as in Eq. (E-2) o

(E-2}

which may be integrated for M equéﬁ to one and M different from one.

For MDifferent from one, gq.

-

kaCEth =

g

(E-2) upon expansion becomes

/

~(1-2ex+e?x?)

[x2- (M+‘1')x_+u;| ax

which, when integrated, yields

~

dx
- Kyl t j TX2-(MF1 )]~
X
+ 52 .
[x2- (M1 ) x4M]

X X

o —Q

4 b

x2dx

S

182

Xxdx | -
9 [x2- (M+1)x+M]

' (e-3)

E-4)



’ ] . . 183 &
Now, since, ' . _ _ _ %
A . S i} . L - ‘ ;
. (1 j2AM=(Me1)2 > 0 | | (E-5) B
We haye [49] | " ! e
- 2 - (E-6) -
fm - W‘"(m) S
X_dx. 1 (M+1) M-x .
= = Tn[x2-(M+1)xM]+ 1 E-7 g
e - D OR TNl In ) (ET) | |
and \ ) . - . d
¥ | X2dX (M+])1 20 (M+1 ) x+# +(M“” M=%y (g-
o (M+1)x+M] 5 n[x (M+1)x+M] 1n(1_x) (E-8)
-+ =Upon substitution of Eqgs. (E 6), (E 7) and ;(E-8) in Eq. (E 4), , :
O f"‘ g
su1tab1e man1pu'lat10ns and"'lnsertwn of the fi‘nteg‘;r‘a’(‘non Timits- ther‘a * o
is pbm o V AR
- ’ . ‘ B . [ /ﬁ.ﬁ
z 2(MH ) ek(M-1)e? (M-X) 7 L -E (1-x) (M-x)
Ky Ce =2 : . - 1 .
Eo"e L =) Tnlgre? * 2 LeOt)-20inl =]
_ " ) '(E-Q)'
Toor . -
kot L faxepin[p X 1n[(i'x‘) LI o ey
- a » on M{1-x Y . : ad ) _ e P -
whef*e ' Co ‘ . .
L ’ .
¢ hd
:-' . id .- f- '\ '
LY
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. ok

| — L | ”

. o = | ~ " (E11) ;
2.2. .

« g = Tm(mwmm T (E-13) :

-~ 20n1) -‘ o g

. t

: !

E Ca v i

> v =3 L0m)-2] (e-13) !

Eq. (E-~10) is the 1ntegrated form of the methyl-ester group model when

M 15 different from one, and plotting of the right- hand side versus time

should result in a stra1ghf 1ine pass1ng through the or1g1n 1f the

‘assumed model is valid. . &

For M equal to one Eq. (E<2) becomes

k.Co dt = (1’25X+9%x2)wdxﬁ ) * (E-14)
a“Eo (-{ -x)2 |

‘which upon'integration yields

. X X
- . xdx 5 x2dx _
et /(1-)()2 - f‘*’ (1-x)2 +f5[ e &9

4.
. & . . . -——-J\\ . 1
The indefinite integrals arp as follows [49] _ P
- . | ‘ o - (e-16
| - fn-xw RE A
~ j e -3 x) n(1-x) (£-17) |
7 _ gnd ‘ ;F . RN , ‘ » S
P | x2dX 1 oova ) - g
e | B J/:thgjz '1Tf)f1j:3)f7nﬁlﬂxl : (5—187y‘ -~
| | ‘ . "

N
— L o
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. s

and ‘when. the aboye ‘integrals are substituted in Eq; (E-15) and the

yarious operéfion§;carried through there is obtained

. . T - e _ : o Y ’
kacE;tsezxé'(efl.)z_(‘lz‘m +2¢(e111n(1-x) o (E19)

) or.
k t -—"“{ 2x+(5<1)211—*f25(en1)1n(1 -x)7 ‘ (E-20) .

which is the integrated form of the methyl-ester group model when M is

equal to one. P1ott1ng of the right- -hand side of Eq. (E-20) against

-

time Should result in a straight line through the origin if the assumed

-

\\ﬁmdel is adequate. SR o ' .
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