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ABSTRACT

control studies involving chemical reaction systems have
generaltiy been of o theoretical nature.  fven the theoretical work
has tended to inyv.lve control ~f rather ~imple reac.on schemes and

publtione s experime Yal studies ofrmavthw.ggnUvﬂ have usually

1]
been conducted on even simpler reactions. e objoctive of this
thesas project was to design and construct a reacter system which
could be used to study a mical eactior scheme of moderate
comp’vity from a control viewpoint,

The reactiow:\gigiii;i:ygﬂve the sim?*arcous vepour phase
denydration of ethanol to form water 2 diethyl ether and the
esterification of ethanol and ecetic acid to form water and ethyl
atetate. These rcactions arc catalyzed by an ion oxchange resin,

The experirental .em includes gac chromatographic
compositicn analysis of the five compenents in the reaction network
described abcove. The reactor system is based on a recy:le reactor
with a differertial catalvst bed. The systerm can be run as a betch
type reaffor or as a differential recycle reactor. The temperature
of the catalyst bed, which is the rajor variable influencing
reaction rate, can be controlled very precisely. The catalys® bed
temperature can be accurately manipulated as a functior nf time and
this feature of cccurate temperature pregrarming should prove useful
in future c-ntrol studies.

Pate data for these two reactions were measured using the

iv



(14

differentyal recyc e mode of operation.  These data were taken at
temperatures between 110°C and 1357 and over a wide rang: of
compositions.  The data were used to develop kinetic models base !
on Langmuir-loe helwood mechanison . Tt was ! o confirmed
that contact with actic acid deactivated the resin catalyst and
this phenomenon was <tudied and taken nto account in the analysis
of the ester fication reaction rates.  Cxpression for the rates of
Ithe two reactions were obtained.

The experimental eqiipment proved to be u »ful for the
kinetic studies. Experimental reactor control studies can also be

carried out using the ecquipment constructed “oing thi anvestigation.



ACKHOME L DGEMENTS

Tecontertbution of my wupervisors De. 0 L. Seborg and

Dr. S.0 anbe during this work and thair oritic o Yeview of this

Tanuaecrip ~knowledged.

Dr. ' Lo abed of Peneoylvania State University was very
cooperative G osupplying thes o ard related information concerning
yosearch e crmed under ol supervision,

I am & o indebted to the ~taft of the Dopartment's Machine
Shep, In particuiar etth Tau’ lor o and 2on Jarden Heuyvel . for their
work on the fabrication of mucn Of the exporimantal equipment and

the experirental

S
apperaty Jave Hawirvva and Don Sutheriand of the Jepartient's
I"“trument Shep instalior” west of b 2lectrical and instrumentation

equipment on tne system and helped locate and solve many problems.

Jor was very libteral in allowi

—

ng re to use the shop Ffacilities and
equinment during the caonstruction of the apparatus end during the
ex~orimental work.

The staff of the Qata Acquisition and Contrel Centre were
always availabie for con¥;1taticn on computer orograms and techniques.
The help of Viadimir Berka, Dave Furneil and Ron Sharpe on the
computer aspects of this wory was greatly appreciated.

A cpecial ncte of thanks goes to Jerry Moser for his

invaluable assistance with the G.C. analysis and his helpful

suggestions regarding other experirmental techniques.

vi



e P ’

ctron 3 due the late 6.8,

Roberton

for his

contrabotio s cesianing the dvfferential reactor portion ot the
eoutpment,
Tl finar al sup o e ational Besenrch Council oand

the ttversity of Alhorta o gratefgi v oa Erow o fged,
vers donated oy Dow Chosioad [td.
Cowaubd eroectalt s T e te ot oty

parents Tor theilr patienc, R

o catalyst

Y owWork o on



IABLE NTEHTS

P}l‘}(f»

CNOOTHENEETIOAL REAC I MPELS S 4

Vo

DoV ament af Teaction Rates oL L L L L L 4
JL0 Pt Panctions for the DNepydration Resction oL . 5

S0 Uate Panctions o tne Dsteorifioation Boaction . 9

GRARTE THRLD P EOnRIMINTAL ENUIPMENT L L L L L 13

[N I O i 5

S.4 Samnie Anaivsis fgiinrent . .. . . 21
3.2 Loep Lxit Soctien .o . . . 22

[@N
o
(]
ot
O

”

)

D]
-+
Q
3

nNo

~No

Jeaconts arnd Catalyst . C e e e 25

@
~.
i

2.7 Goreral Lol oert InTavemston Lo 0L L L L L L. 26
3.8.0 Systam Velume o0 0L 0L L L L L 26

-
3.8.2 Mode o0f Cnevidticn and RecirolTation Rate 26

3.0 TerpefRture Centrol Lo L L L, 26



Page
CHAPTER FOUR, EXPERIMENTAL PROCEDURES oo o oo oo e ‘
A1 Catalyt Preparation oo oo o 27
4.2 yringe Pusp Calibration o000 oo 28
4.3 Thernocouple Calibrations and Temperature
Meacurement e e e e e e e e e
4.0 Preparation of Feed Mixtures
1.5 Oneration and Calibration of the Gas
Chromataograph e e e e e e
4 5.1 Gan Chromateprapgh Oporation oo o o L 33

4.5 1libration with Gas Samples . . . . . 35

4.5.3 Calitration with Liguid Samples o o . . . 38
D5 Ineorcion and Semoval of Catalyst dharges oo 13

4.7 Oneration of Ecuipment
4.7.1 Thuiprent Startup
A 7.0 Pracedures Turing A Run oo oo o

L 702 Seytdown of the o oment

CHAPTIR FIVE, RESULTS FOR THD DJniyDEATION REACTION e 45

Introduction

wu
—

5.2 C(Consistenc. of Dzhvdraticn data . . . . . .« . .
5.3 Modeling i the Tooydration Rate Data oo 59
S.4 Final Model for the Denydraticn Teactior ..o 57

1X



CHAPTER STX, P TERIFICATION RESUHLTS

b. b Intraduction

t fety afication Pate for the Blany Reactor
H.00 Catalyst Degstivation
30 Coraste 0 Dtea it cation Rate Data . .‘J-.',
6.5 Fine*ie Model e toterification Reaction
Bt b Mol Tor the Toterification Reaction
AP TU b BN COn eIy A MENDATTONS . . .
Core uvions .
.2 Recormendations L. L. . .
L ﬂ}‘ Il!\/[.'ﬁ\"“!“(‘\/[
REFERENCES
APPENDICES . . Coe e e . .
SORINOIX A, nEAT Al MASS TRANSFER LIMITATIONS . .
APPENGIX B, ESTERIFICATION MODELS A . .
PONCIX €, GAS CEROMATTGRAPHIC CIMPOSITION ANALYSIS .
C.1 Peak Detecticn 4 Area Measurement .
C.2 Column Development . . . .
C.2 Cal‘bration of the G.C. . . .
APPENDIY D, TEMPIRATIRD MEASUREMENT o . ..
0.1 Therrmocounle Calibration .. e
0.2 Temperature Prcfile, Reactor Tube Ce e .

68

76

30

RSl



Page
0.3 at Conduction e e, R
APPENDT: | CATALYST (HARGES Ce D
APPENDIX P SYCDGE PO (AL TRPATRONS S P
ATECAOIY G LAUTERNT OPERATION L 129

APPENDIX HL 7000 AN GUCL CALTERATION MINTURE, e e 133

c DEHYDRATION RUNS o 0 o o o 136

Ped
=

2

>
—>
<Z
—
><
—

b
-3

i)
s
-
’.J
ot
<

.

JLODSTINATED GEHYDRATION PARAMETERS

FOR THE DEHYDRATION REACTION . . . . . . . . . . 182
APPENUTY VO BLANK RUNS 0 0 0 e
APPENDIX L, CATALYST DOACTIVATION . . . . . . . . . . . . . 196

APPENCIO M, DSTERIFICATION RUNS . . o o o . . o 2o

L]

x 1



LIST OF TABLES

Page

v
PaD e

a0l Feaponee cactors o000 00 . 17

Qohvdration Reaction Runs o, a6
b oo mental oand Predicted  Dehydration Rates . 51
5. bireied Kanetie Darareters Ce e e e e 54
5.4 Results of Fitting with Dehydration Models . . . . . . 56

5.5 Surmary of Fitting for Uehydration Data . . . . . . . 57
6.1 teterification “eaction Runs . oL oL L L L L L L L. 61
6.2 Lsterification “itting Parameters . . . . . . . . . 68
6.3 desults of Fitting with Csterification todels . . . £9

or Datorivicaticn Data L. L L. 69

C.2 G.C0 Iod 38 0 0L, 92
3 “esnonse factor Calibration Points for dater | . . . . 96
.4 Qespdtce Tactor Calibration Points for Ether . . . . . 97

Pacter Calioration Fuints for £thyl Acetate | 99

™
Cn
e
D
>
o
>

.5 Posnense Fiotor Calibration Pointc f50 "o tic Acid @ - 100
C.7 Caicuictod Compasitions for Calibraci » “ixture XV . | 197

.8 Calculated Comnositions “cor Calibraticn YMixture XVI . 107

C a
.3 Catculead Compositicns for Calibratics Mixture XVII . 103

C.10 Caizuiared Compositiors for Calibraticn Mixture XVIII 108

1 Calculated Cemoositions for Calibration Mixture XIX . 109

(ap]



Table

—

]

-t

Q]

i

O

O

CaloaTated Compositions for ta’ i =ation Mt

Teraeratgre Mos grement Calibrat ion

congit bl Temperature Prafile

wteh Toratadyst Thaes
Satch Cotataly t Charges

vhalyet horae Thed for Paenopirontal Dupe
. 1

Soorinage Pamn Salilbeation Points

Calihration Line for Syringe Pumns

Mactmun Voltage ttines vor Hoaters

BOC Loops -

Food Miktures . o 0 0 L L.

r Calibration Mixtures

Cxporimental Run [11-1

Expericontal Rup I11-2

Exroriment n II0-3 .

Exparivental Pun 111-4 .

Exrorimenta® Run IY-]

aporimertal Run IV-2 .
al Pon IV-3 .

cotal Tun IV-4 0, 0

Cyperivental Run V-3 0 0 0 0L L L L
Experimental Fun V-1 . Co

Experimental Run V-2 . . . . . . ...,

X111

P

125



—

(@S]
-4

Pt

(@]
(RS

(O]
(o8]

(@)

I

o
Gy

Caporioental Pun V=T 0

foperental Run VIT-1T 0
Evpevental Bun MIT-2
Faperinental R VIT-3
Eaperivental Bun .

gt et Ban VIT-4

Cxnerinental Run X-1

E-»‘X{\Y‘;‘VV‘K\I]‘ W1 Bon KI“]

{ cioental Run Yil-]
v ental Rim XI1-2A
\ v tal Ban XTT-3

—

Txnerimontal Run XTI-f

Tv-erimer tal Run XII-7

Sxoperimental Bun XI{I-]
&
Syxnerimental Run XII1-2 .

txperirental Run XIV-1 )

xiv



(G}

(o3}

Exr dmental
Exporirental

Evpeorimetal

Expeerirmental

Run YV -2
Run XVIT-1]
Run XVII-2

Run XVIT-3

Re oo ted Deohyvdration Runs

Exporimental
Experirental
Experirental
Cxperimental
£ cerirental
Experimental

Experimental

Deactivation

Experimental
Experimental
Exro imental
Exporimental
Experimental
Evrerirental
Experimental
Experimental
Experimental

Experimental

Run B-1
Jun B-2
Run B-2A
Run B-28
Run B-2C
Run 5-3

fun B-4

i

Ratios

Bun I-]

Run I-2

Run I-3

Run I1-1
Run II-2
Run EI-1
Run EI-2
Run EI-3
Run EI-4
Run EIT-1

XV

Page
177
178
179

150

188
189

190

197

206
207
208
209
210



Table

MoT

M. 31

M.32

taperimental
Experinental
Experimental
Fxperimental
Exper ental
Experimental
Lxperimental
Experimental
Experimental
Experimrtal
Experimental
Experimental
Experimental
Lxperimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental

Experimental

Run
Run
Run
Run
Run
Run
Run
Run
Rmun
Rur
Run
Run
Run
un
Run
Run
Run
Run
Run
Run
Run

Run

LIt-2

EIT-3 .
Lrr-4 .
EITT-1

EITL-2
Errr-3-
EITI-4
EITT-5
(LITI-6
EITI-7
LIIT-8
EITI-9
EIV-1

EIV-2 .
FIv-3 .

V-1

Xvi

Page

. 216

217
218
219
220
221
222
223
224
225
226
227
228

- 229

230
231
232

234
235
236
237



Figure
3.

3.

[®a]

(@2

[Sa]

]

2
(o

w

LIST OF f

"TGURES

Schematic Diagram of Experimental Cquipment

Composition and iemperature Measurement

Photograph of Experimental Equipment .

Schematic Diagram of the Feed System .

Schematic Diagram

.

Dehydration Rates
Dehydration Rates
Dehviiration Rates

Plot of Ratio of Experimental,Predicted

Rates Versus
Esterificaticn
Esterification
Esterification
Esterification

Esterification

Amplified G.C.

Yole . » Water
Rates Versus
Rates Versus
Rates Versus
Rates Versus

Rates Versus

Output

of the Reactor

Conversion
Conversion
Conversion
Conversion

Conversion

Derivatives of Amplified G.C. Qutput

Typical G.C. Nutput Chart

Ver<us Conversion at 1350C .
Versu: Conversion at ]ZOOC )

. . 0
Versus .onversion at 110°C .

at 135°¢
at 1359
at 120°C

at 120°¢

at 125°%C

Response Factor Calibration Plot for Water .

Response Factor Calibration Plot for Ether

Response Factor Calibration Plot for Ethyl Acetate .

Xvii

Page
14
15
16
18
24
48
49

49

52
63
64
65
66
67

89

90

95
101
102
103



Figure

™~

Response Factor Calibration Plot for Acetic
Ether Response Factor »2rsus Area Ratio

Heat Transfer Along the Thermocouple .
Temperature Profiles Along the Thermocouple
Calibration Points Model 355 Pump, Range 1/1000

Calibration Points Model 355 Pump, Range 1/100

calibration Points Model 353 Pump, 50 ml Range .

Batch Esterification Run Without Catalyst
Dehydration Rates Versus Conversion for Run XII

Catalyst Deactivation

xviii

Pd(_](‘

1Y
! )

105
113
113
126
127
128
185
199

200



CHAPTER ONE
INTRODUCTION

The overall purpose of this project was to construct an
experimental susten for the study of various reactor control schemes
volving chenical reactions of moderate complexity.: In addition
it was hoped that éxpcrimontal Kinetic stutlies could be carried out
to obtain kinetic reaction models and that preliminary control
studies could be conducted to prepare for future control projects
involving the sare equipment.,

Previous studies of experimental reactor control have
senecaliy involved very siinple reaction scheres (e.g. first order,
irreversinle, liquid phase). It was desirable to find a cirerrical
reaction systen which was nontrivial (i.e. ;omewhat closer to
industrial rea.lions than a first order nomcgeneous 1rfeversib1e
reaction) but for which some kinetic studies had been carried out.
In addition the reaction system had to be on2 where the conversion
and rate could be manipulated (i.e. the reaction Sy .tem had to be
"controilable"). This latter criterion was the basis for choosing
heterogenéous catalytic reactions and for the decision ‘o construct
a differential bed reactor with a recycle loop. The compact nature
of the catalyst bed allowed one to control the bed temperature
(and hence the réaction temperature) which is a major variable

influencing the rates of chemical reactions,



The reaction schene chonon involved the dehydration of
othanol to form water and diethyl ether (equation 1.1) and the
coterification of acetic ac id fnnti ethanol to form water and cthyl
acotate (equation 1.2). In the vapour phase these reactions
proceed at approciable rates in the presence of an ion exchange
resin catalyst at temperatures between 90°¢ and 140°C.  This
reaction system was chosen bocause a large amount of good kinetic
and tho;modynam.b data was availablie for the dehydration reaction

(8, 5, 7, 15, 21) and some work had been done for the esterification

reaction (3).

2 COHSOH(QF = HLu(g) # (CZHG)ZO(Q) (1.1)
C,ugou(g) v CH,C00H(g) - ZH3COOCZH5(9) + HZO(g) (1.2)

Jer temperatures the cllowing dehydration reactions

becoiw @ ve . o icant.
czusuu(g/ O T?Hd(g) (1.3)
(C2H5)20\;, S - %QC(g) (1.4)
The increased rates of - ~~actions (1.3 and 1.4) at
higher temperatures cd e i~ pechange resin
catalysts decompoce at ter .- 57 7 a-courtec for
the 140°C upper 1imit on . «a emp?- ~ The lower
© limit of 90°¢ was dictater b - 0acic ad to

remain in the vapour phase.



The equipnent was designed -~ o that various control
I S

Y

strategies involving reactions 1.1 and 1.2 could be o tudied
experamentally. Tt was necessary to have an accurate model of
the reaction system as a prerequisite for control studies.
Cxamples of control studies which could be undertaten are the e
involving optim&i temperature path schemes to miximize conversien
for a batch system in a given amount of time (14) and selectivity
studies involving two reaction paths.

In the case of reaction 1.1 a good rate model (21) was
availlable and this was modified fl'ght1y to account for the
different type of ion exchange resin catalyst used in this study. -
5bme viork (3) had been done fo, the esterification reaction but
It was necessary to determine o reasonable model for this reaction.
Contact with acetic acid vapours also deactivated the catalyst and
this pheriomenon had to be investigated and de “ined cualitatively.

The thesis research included an investigation of kinetic

s
models for the reaction system described above. The reactor
system constructed for thisiproject was used to measure experimental
rates. The equipment was designed for isothermal temperature
control (ot/;gxngxggyfif temperature control) cf the differential
catalyst bed through wh¥ 4 reactants were cycled and was intended

for future control andeEtimization investigations.

i



CHAPTER THO

MEASURIMINT O DXPERTMENTAL RATES

AND THEORCTTICAL RITACTTION MODELS

Do HpagurvmvntrpfARpgp!jpnrﬁdﬁpg

In order to test proposed rate functions it 15 necessary
to cxperimentally measure reaction rates.  The most cuitable
reactors for measuring reaction rates are continuous stirred tank
reactors (CSIR) or differential rexctors bocause rates are obtained
directly. If batch or tubular reactors are used, differontiation
of experimental data is required to obtain reaction rates. For
hotoragenecusly catalysed roactions. CSTR behavior is obtained
either by using a Carberry Tope reactor or a recycle reactor. In
this work a recvcle reac (v vas employed.

The design equation for a CSTR reactor (or a recycle

reactor) for stoichoimetric simpie reactions subject to steady

ctate mass balance conditions is

o P N
r:;— —-_-—_\)-G (2])
i i
where
Fi in s feed rate of reactant i
Xy = fractional ccnversion (2.2)



Xi t,n o d,out
F.oo.
i,in
G - mass of catalyst in reactor

ro= normalized reaction rate
ry ©orate of reaction of compound i
Voo storchiometric coefficient

(-0 for reactants, -0 for products)

The fractional conversion can also be expressed in terms of a

product by using the following substitution:

(F - F Vv = (F

n,out p,in"""p 1,0ut i,in i

where Fp Ts the molar flow rate of the product compound. Measurement
of the fractional conversion allows direct calculation of the rate
of reaction,

In order to use these experimentally determined values of
the reaction rate function it is necessary to establish that the
measured reaction rates are intrinsic rates, i.e. not influenced
by heat and mass transfer coffects. The effects of heat and mass
transfer for the system used in the present work are discussed in

Appendix A.

2.2 Rate Functions for the Dehydretior ™ action

The kinetics of heterogeneous stic reaction 7.1 have

been extensively studied over a ten vear period by Kabel and
coworkers. Kabel (8) investigated the adscrption phenomenon,

kinetics and equilibriu~ constant at 120%¢ (and other temperatures).



The equilibrium velues of reactions 1.1 and 1.7 as o function of
|
tempoerature were studied by Hawes and Kabel (). Mullarkey (15)

; + N IRYE R - \O‘ 1ot Nl g N
Ctudied the Linetice of reactron 1.1 at 0 Coand Stula (1) explored
, L 0. . \ . . -
the binetics at 1407°C. The result of all the atorementioned studies
Wae that the oteady state rate o the denvdration of ethbnol over
Do« H0-X2 jon exchanage rosin was desoribed according to the
Canamuir -Hinshe liood dual <ite model (ourface reaction is the rate

controlling ~tep) in the form of the following equation.

2 ? )

LR (P - Pyl

ro= K] (2.4)
IR . A2
(1 LAPA ! &NPN)

In oo von 2.4 ¥ and ¥ are the adsorpticn constants for
ethanol and water, P\‘ PW and PF are the nartial pressures of
s ¥ -

1

othangi, water and ether. K] and ks are the equilibri and
specific rate conste "s respectively. The experiments of Kabel

and coworkers were poerfermed und-> conditions such that there were
no internal or oxternal mass transfer limitations (i.e. equation
2.4 3¢ an dntrinsic rate function). The work was carried out using
a fixed bed reactor.

The temperature dependence of the equilibrium constant was

describsd oy Hawss and Kabel (5) as

In K] = 1842/7 - 1.44¢ (2.5)

The temgerature (T[=]K) relationships of kS, ) and K vere presented

by Stula (21) a:

6



k 1008 10 ¢ (1I Cacles Amin g cat YY) (0 6)

T bnowong the tomperature and the partial pressures of the three
cemporents inveved an the deavdration veaction, it i husible to
predict a reaction rate aocording to equation 2.4, The units of
the activation and adsorption enerqgies are kJ/mole PR 30130 x
T KI/mele K).

Apecetche ana  ningham (1) have also wtudied <he othanol
denydration reaction over an ion exchange resin.  The rouin used in
their axperiments was not the same as that uycad by Kabe  bhut the
stuay ac corparable 1 any case. The Pamemude-tinsh Tucad ochanisn

+

which these workers chose to describe their rosylts was the realtion

Cetween two othanol molecules adsorbed on ong active center. This

can be exprossed according to equation 2.9.

.
KA - PPe)
r, = K (2.9)

[n the work of Apecetche and Cunningham ‘1) there was an
ether adsorption term in the denominator of equation 2.9 but this
term was small {relative to the other terms in the denomirator)
and was ignored for the purposes of evaiuating equation 2.9 as a

potential kinetic model for the dehydration reaction. At 100°C the



tollowiag values “or the thtted poraincters an equatson 7.9, were

reported anoreference (1) The wcocific rate constant i k- 7.
S
- : . “ -4 -7 ,
1O e (min g ocatL), KK 3.6 000 T kPt oand K 0.106

A W

] : . :
. pormroxamate temperature dependence of b oas used in

hPa

et ron D09 can e deceribed accerding to caquation .10,

N hoidl x 100 e R Tmin g ocatl))

(2.10)

thetemeerar e corredation, for K.o% and K were not reported. The
H »’J

reported activation cnevqgy was 12005 kd/mole e apposed to
103,03 bo/mole from eguation 2.0, Apecotche and Cunnincham (1)
only made voforence to the early work of Habel (8) and did not
compare thoir rosuits with the Jater work of Kabel's qroup
(1871, 5).

Lapidus and Poterson (12) analyzad the resulte of Zabel (8)

and propesed the pseudo-homzgeneon, mode] presentod in equation 2.11.

Although these authors apparently did not consider all the data
Te {see Kabel (9)), it would be of intorest to evaluate

the predictive abilities of this peeudo-nomogeieous rate expression.

The value of the constant kS* was reported to be approximately
-2

(1.4 - C.15) p 10 mo]es/(kPaz min g cat.) at a tevperature of
P



PoBate banctions for the coteritioaton Seaction
Devian (3Y 0 po 0w entert e atton reaction siede D whioch
tnvo bved the oy S ren o wat-ry othanon and cthel oo etate,
Acet e acid mononer (P owas ceeareed that e e monomer and
Ao were inoequi bibriun) was postulated teoadhortoon the oates
which had water cdoorbed on the o The contributicn of o water

ot ial precure wan wbjuted oo hicallye The model we e

as totlows.

Ple adworption conste by for o fhe acotic o td cowrerewdier cennlex

Uthe ethyl acetat respectively. Py oand Pooare the pariial

Ty >

oressures of the acetic acid monomer and otb o a

frosh catalyst. The esterification cquili’ 1um

conctant ¥, is oa fuoction of temperature ccocording to oither
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ar2 employed (see Hawes and Yabel (5)).
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log, %, = 724/T - 0.127 (2.13b)



therodet vepresented by 2000 did not £t the experimental

rate JLata or Dewan o very acourately, This vy have been due to

problers s acconnting tor catalyst deactivation (3) o0 a0 incorrect

vate tune o and s theeefore oo the applicabi ity of the nodel
de oy ihed by cqnation D010 i i doubt.
Toramian ot ol (07) investigated the estorification

reaction tnvolving isopropano!l and acetic acid over an ion nvehange

vesin, He catailyat deactivation problems were veported.  The

\

surtace react on o controllfing Langmuir-Hinshe lwood medel proposed

\
. ) -
mothe work was oxpnwuuxyas fol 19,
]
’ [ oo
/ 3 r\,r,P P ,
o ) 2300 (2.14)
3 R
1*\1:1 FOLPL R P K )©
( Il LB SURTREERAT
!
/
neabscripts I,J and™B orvefer to deonraraned, tanproifslacetate
AN '
end etic\acid respectively s The reaction ot adied was similar to
\\
PR »\ i 3 3 > It s
reaction el the proposed model ds o analagous to cquation 2,12,

+

with the “xcaption of the water torms in the ~umerator of 2.12.

“lardary Ltangmuir-Hinshe hwood radel similar to cquation 2.14 may

e hie cescription of the cxperinental esterification data
e orotion work of Yabel (&) showcd tiat he adsorption
Of acetic . cthyl acetate on ion exchange resins is very
Pimited =0 e cbsence of water. Thus one can spoaculite that the
adsorption acciic 2o7d is depend t oupon the prescnce of water
or ethanol on catal tic sites. Taie - <itional complexity of having
acetic acid exist in twe ~tas "0 e purposes of the kinetic

model may not be justified by the accuracy of the experimental data,

10



Therefore 1t - postulated that only the "presence” of acetic acid
(in any state) ds dmportant and that thig is reasonably represent.
by assuming that acetic actd acty as an ideal gas Tike all the
other components involyved.  The following models are Led oo the
assumption that the surface reaction is the vate controlling step.
One way of adjusting the rate expression®to account for the
water/ethanol dependence would be to muitiply the rate equation by
the fraction of catalytic sites occupied by water and cothanol. The
fractional coverage of wites by ethanol and water, Z, can be

expressed as follows (assuming that only water and ethanol are

adsorbed divectly on catalytic sites).

KaPa t KyPy (2.15)

(8P RGPy T

£ =

The standard Langmuir-Einshelwood model is presented as

2quation £.16 and the modified expressien is given as equation 2.17.

e / n _ v o
ro= ke (PaPp - PP/ (2.16)
bl : 4 + V v ’ {
(1 0Py + HgPy + KPL b K P)
. J
Zk Ly (D - L . )
= FRARg PPy - PP/ (2.17)

The above models involve only 3 constants which cannot be determined
from dohvdration studi-s _KB, KC and ksZ) and may provide a
relatively simple way to account for the lack of adsorption of
acetic acid and ethylacetate in the absence of water or ethanol.

The constants KB and KC could be regarded as pseudo-adsorption

11



constants.

The Tollowing kinetic expression< are derived in Appendix
B. The only compounds adsorbed directly on the catalyst sites are
presumed to be water and ethanol. Acetic acid and ethyl acetate
only adsorb on catalytic sites already covered with water or ethanol.
The first mechanism proposed involves acetic acid forming an
adsorbed complex on a site with ethanol adsorbed on it. This complex
then reacts to form the reaction products. The model can be

described as follows.

D KaKa(PaPg - PPy/Ko) (2.18)
T+ RKP K Pyl

The second model involves acetic acid forming a complex on a site
with a water molecule adsorbed. Tois acid-water complex then
undergoes a reaction with ethanol adsorbed on an adjacent site to -

fo-- the reaction products.

- ksKp(KyPy ) [PaPg - PePy/Ko] (2.19)

12
(1 + KAPA + KHPW)

L AS

The models represented by 2.18 and 2.19 can be combined to

form a composite model.



CHAPTER THREE
EXPERTMENTAL CQUIPMENT

3.1 Introduction

A schematic diagram of the experimental equipment is
presented in Figure 3.1. In addition a schematic diagram of the
temperature measurement and control equipment is given in Figure
3.2. Also presented 15 a photograph of the major equipment
components as they were set up for the various runs (see Figure
3.3). The main parts of the equipment were the feed system, the
circulation systenm, the gas chrématograph, the Toop exit section
and'the reaceor. the civcuiation pump and most of the system Lubing
and other equipment were contained in a heated, insulated oven to

maintain the reactants in-the vapour phase. The system components

are described below.

3.2 Feed System
The feed mix ures were pumped into the reactor Toop using

tio Sage Syringe Pumps (model 255, serial #1028 and mode] 352,
serial #13955). Normally only onc feed pump was used and the feed
was containe in one syringe (dehydration runs) or two syringes on
one pump (esterification runs) but for some of the esterification
runs both feed pumps were used. The iiquid feéd mixtures were
contained in a Hamilton gas tight syringe (50 ml size #1050). The

approximate ranges of 1<quid injection rates which could be obtained

13-



14

LN3WJINO3 TVLINIWIMIAXI 40 WYHOVIA DILYWIHIS :I'€ 34N9IS

C

404D2aY{S0d 101003y

vl

18109
y  Joiopay

JUBA Ay

Jojopay  SNIDAPIOUd|OS

_u.WUIA iy Bunoo)

3AIDA [013u0)

——

PEYLENES
10JoDaY

1343WOUD

(8rb-SS 04dnN) BAIDA J1X 31

abnpg
ainssaig

(2Hb-SS 04dnN)
aAIDA
'SMollag

3AIDA omm..tw %
(€ Bl4 825) UOlID8S paay

JojninBay

94NSS3ald 82U3.13 43

{USA O] -

3inssaid
3100\

43iD3H UBAQ A

i (L-Y4b-SS 04dny)

uo4abp7 jaliinbg _

13}D3H Ul
M paad-aid

dwnd smojlag

134

Jajzwploy

P // uaa0 "

paipjnsu)

‘

| M w sdoo] 9|dwDp S D9




15

ANIWIHNSVIN JHNLVHIdANTL ONV NOILISOdWOD :2'¢ ,mmDo_u

J3pi0ooay 440y dlujg 2 uay = lojonuaily -
13}13AU0D
Hoday | _| 008! W8 p1BIq | 4a1311dwy Mo Joio34ag D

$do0) |044u0n

008l N8I
8A|DA PIOUS|OS
01 aBbijop 96 30
laonpsupd] _ 134 13AU0)
BAIPA JOUUOD OL | "7, fhssa) «~—{ v6 30 - 1041B1Q
[oubls a4nssaly o) Ewt:m o} bojpuy q
ajdnoooway |
104509y
13} J3AU0D
13403yaid N -
oL 8804oA T | o) Juatna 26 3

j




FIGURE 3.3: PHOTOGRAPH OF EXPERIMENTAL
EQUIPMENT e
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were 0.003 to 50 mi/min (model 355) and 0.003 to 1.0 ml/min (model
352). The syringe pump and the syringe were calibrated as a uni t
(see Lxperimental Procedures).

A needle equipped with a Lur Lock was silver soldered into
a short piece of 1/16 inch outside diameter (0.0.) 316 stainless
steel (SS) tubing. The tubing with the Lur Lock was connected to
the syringe. This tubing was connected to another picce of 1/16
inch 0.D. tubing~which led into the oven. The 3 foot section of
feed tubing inside the oven was wrapped with copper wire to enhance
heat transfer to the feed and vaporize the feed liquid as quickly
as possible. A swmall block (172 inch x 1 inch x 2 inches) of
aluminum was cut in half and « »Hved so that it could be clamped
arocund tne feed tubing just inside the oven. ’This yas wrapped
with fibreglass tape and with Hichrbme resistance wire {connected-
across a Variac) and the whole block was loosely covered with
insu1ation; [f required, thisv”block“ heater was used to provide
supnlementary heat for the feed stream.

A thermocouple was attached to the feed tubing inside the
oven and this section was wrapped with insulation. Thus the outside
wall temperature of the feed vaporization coil was monitored. The
feed tubing jdined the feed tee‘via a Nupro $S-2JB valve. In the
feed tee (illustrated in Figure 3.4) the reactants were directed to
the bottom of a modified 1/4 inch Swaglok tee. Any unvaporized
liquids entrained in the feed contacted the hot wall of the feed tee,
thus reducing the possibility of entrainad liquids being circulated

in the loop. A supplementary pre-feed line heater was available to
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To Variac® /
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Feed Block ‘ F“C::]
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FIGURE 3.4' SCHEMATIC DIAGRAM OF
FEED SYSTEM




heat the circulating vapours upstrcam of the feed inlet but 1t was
not necessary to use this heater with the above teed configuration

The system could be purqged with nitrogen gas by conhectinq 4
pressure requlated nitrogen bottle to the inlet in place of the feeo
syringe pump.  The tubing was purqged ber o shutdown so that when
the reactor system cooled there were no condensab]e (at room N e

temperature) vapours in the system.

3.3 Civculation System

The oven, which contained most of the circulation loop, was
constructed of sheet metal on an angle iron frame v ‘h outside
dimensions of approximately 56 cm long by 51 cm wide by 53 cm in
height, This was insulated on the inside with aluminum backed
fibreglass duct type insulation (foil side in) approximately 2.5 cm
thick (a nreoduct of Fibreglass C;nada Lta.). Attached to the
removable oven 1id was a 500 watt rod type resistance heater which
was formed and positioned such that a squirrel cage-type fan
circulated air across it. The fan was driven by a small electric
motor mounted on top of the 1id, i.e. outside the oven, and attached
to the fan by a shaft winich extended through the 1id and insulation.
The oven temperature was regulated at any desired value up to about
180°C by setting the voltage to the oven heater via a Variac. The
time required to heat tie oven from a cold start to operating
temperature of =130°C was anpproximately 1.5 hours.

The majority of the tubing for the fiow loop was 1/4>1nch
0.D. 316 SS for the section of the loop inside the oven. Starting

around the loop from the feed tee, the flow was directed through a

19



cintered stainless steel 7 micron filter (Hupro S$S-4FR-7) located at
the inlet of the civculating pump, a Metal Bellows Co. T18-HT bellows
pump.] The outside wall temperature of the pump was measured with a
thermocouple (T.C. £2) taped to .ts back wall. The pump was diriven
by a 1 horsepower Jdirect current motor cquipped with a variable
speed controller, The pump drive shaft extended through the oven
vall and was connected to the motor shaft with a flexible coupling.
From the exit side of the pump the loop continued on to a Fisher &
Porter Co. rotameter (serial #750382015) equipped with a stainless
steel float (tube Ho. FP-1/4-20-G-5/84). The rotameter was fixed at
the front of the oven so that it could be viewed through a Pyrex
window mocunted in tne oven wall.

From thé rotancter the circulating vapours flowed to the“@gs
sample bypass section. At this point a slip stream of the circulating
vapours was scnt to the gas sample valve where a sample could be .
taken. This slip siream was returned to the main flow loop. The
Tines to and from the sample valve were s~parated in the main loop
By a short soction of 1/8 inch 0.D. tubing. In this restriction_a
small plug with a 0.050 inch [.D. hole was fitted. A small pressufe
drop was tnus established in this section of the circulation Toop

and a gas flow rate of 60-100 mi/min (at S.T.P.) of the slip stream

]Or1gina11y a carbon vane centrifugal pump was used but
carbon dust was given off and ccated the walls of the system tubing.
This cataiysed the reaction and adsorbed large quantities of re-
actants. The carbon vane pump is not suitable for applications of
this type where hydrocarbons are present.
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was maisitained through the gas sampin valve.  bPorther details
concerning the sannle loop are qiven in the . Chromatograph
analysis section.  Anothe  restrictive plug wa instalted just
unstream of th filter. These two plugs helpes damp out pressure
fluctuations caused by the rapidly cycling posioive displacement
circulation pump.

After the sample Toop scction of tubing the Toop led to a
bulkhead union which in turn directed the flow out through the oven
wall to the reactor Soctibn (this part of the equioment will be
discussed in a subsecquent section). After entering the oven
downs tream of the reactor, the flow was directed into a tee where a
portion of the gas stream ~ould leave the loop (depending on‘nmde
of “percni ) through a fupro S5-4i2 Bellows valve. The majority
of the stream flowed up thhrough the pre-feed line heater tavailable

to preheat the svstem vapours before injection of the feed stream)
|

!
{
{

!

3.4 Samnle Analysis Equipment i

and back to the feed tee.

The sample loop was connected to a heated 187194 ggs sample
valve on a Hewlett-Packard 5710A gas chromatoqgraph (G.C.Xi' Tubing
(1/16 inch 0.D. 316 SS) cornecting the sampie vaive to t?e flow
loop was insulated and ‘.cated with Nichrome resistance wire (voltage
requlatsd through Variac #5) to nrovert condensation of sample in ,
the section between the oven and the G.C. sample valve. The
attenuated cutput of the G.C. detector was connected to one pen of a

Healott-Packard 71008 strip chart recorder. The unattenuated signal

was amplified (see Appendix C for details regarding the reason for



amplification) by a Hewlett-Packard 24704 wrolitier and the
amplhified sianal was amonitored anag the G.C0 Package (16) on the
LM 1800 computer. A more conplete desceription of the 6.C. anal-

coisosystem o is presented in apendix €.

3.5 Loop bt ction

Ine product Strean 1oft the &irrw}dtory Toop through a Nupro
bellows valve. A pressure gadge motnted in this section gave an
imdication of the system pressure in the loop. A Mooroe pressure
requlator and a second exit port with a manual tupro $5-3J8 valve
abt its exit were also connected downstream of the bellows valve (sce
Cigure 3.1). By sending g reference pressure to the pressure reg-
uiator the pressure in the svitew could bo maintained at this
desired avessure 50 long as the nas flow rate through the requlator
was not cxcessive (el RO al/min). Systen srescure could also
be measured by connecting a mancreter to the auxiliary »xit port

(allowing for more accurate nressuyre neasurerents),

3.5 Reacior Section

The reactor tube, preicater and postheater secticns were all
made of 316 SS.  The rcacteor zection outside the cven iad a nreneat
section (200 watts at 120v; to bring the gases flowing through the
catalyst bed to the satpoint temzerature. Tro voltage was
manipulated using a current to voltage converter whose input signal
(4 to 20 mA ranqe) was set by the direct digitai contrsl £0DC)
prograr 2} <. the I.B.M. 1200 computer. Iron constantan thermo-

couples were situated in the reactor just ab and below the
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section of tub® § connecting the reacteor exit to the
cven was heated and insulated to prevent consonsetion of some of

the ~irculating “luids,
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3.7 Reagents and Catalyst

The catalyst used was obtained through representatives of
the Dow Canada Ltd. offices in C~Yqgary. Dowex Ion [xchange Resfn
HGR-W (H+f0rm) Tot no. MM 0865-.. , B-10 was used. The size was
20-50 mesh and the exchange capacity was 4.8 millicquivalents of
cation exchange capacity per gram of drv resin. Other details are
as described in a publication of the Dow Chemical Company (20),

The ethyl alcohol was obtained from the Chemistry Stores at
the University of Albertua. Chromatographic analysis of each batch
indicated that the only significant impurity was water. Reagent
grade acetic acid and ethyl acofatc were purchased from the Fisher

ientific Company. Double distilled Taboratory water was used cid
gas chromatographic analysis did not indicate the presence of any
impurities. The ethyl ether was labeled as analytical reagent and
supplied by Mallinckrodt Cénada Ltd. A1l the constituent components
of the feed mixtures were analysed for compesition. 7he final pa
composition of feed mixtures was arrived at by correcting for the
foreign compcnents found. The only significant impurities in cach
of the five liquids descrized above were internal (i.e. only one or
more of the components: water, ethanol, ether, ethyl acetate or
acetic acid).

The Porapak gas chromatograph column packing materials were

made by Waters Associates. quapak Q-S, R, S and T'(a11 80-100

mesh) were used “he preparation of G.,C. columns during this work.
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3.8 General Fquipment Information

3.8.1 System Volume

The volume of the circulation loop was determined to be
126 cm3 v 2 cmj. This was an "average" figure arrived at with the
circulation pump in operation. A vessel of known volume at a
higher pressure was attached to the sysfem (which was at atmospheric
pressure). The valve between the system .and the known volume was
opened and by measiring the pressure of the combined vo]umé it was
possible to calculate the volume of the reactor system,

3.8.2 Mode of Operation and Recirculation Rate

The equipment could be run as a batch reactor 6r as a
centinuous differential recycle reactor. In either e the re-
circulation rate was approximately 10 1/min (vapour at any
temperature and pressure).

3.8.3 Temperature Control

The temperature of the catalyst bed was 5ccurate]y centrolled
and hence the temperature at which the reaction was taking place
could be easily manipulated. Using the electrical preheater and air
cooling it was possible to heat the catalyst section at a rate of
about ZOOC/min and to cool this section at a rate of about ]40C/min.
The temperature control capability was such that the temperature
wis within (and stayed within) 0.2°C of a new setpoint 7 min after
a 20°C setpoint change (QOOC - 150°%C range of operation) and at a

constant setpoint the controlled temperature varied les<s than +0.1°c.



CHAPTER FOUR

EXPERIMENTAL PROCEDURES

4.1 Catalyst Preparation

A portion of the ion -xchange resin was set aside in air
for at least 5 days on a stainless steel mesh.  The reason for th%s
procedure was to reduce problems in pouring moist catalyst and to
prevent any mass changes during the weighing of catalyst charges.
The catalyst was loosely covered with a sheet of paper to prevent
contamination by dust. Thus the moisture content of the resin
atteined equilibrium with the air and no weight Tosses were
encountered when weighing individual catalyst charge . Catalyst
charges were then prepared with raw weights that rangad between 0.1
and 0.7 q. ‘The moisture content of‘the batch (at’the time ‘
individual charges were prcparéd) was determined via the procedure
described below.

A larger portion of the catalyst was weighed into a glas§
vial for bone dry weight determination. A glass wool plug was
inserted into the neck of the vial and it was placed in a vacuum
oven (=0.3kPa) at about 120°C for two or three days. After removal
from the oven the glas- Woo],p]ug was taken out and the moisture
content of the catelyst batch could be determined from e weight
loss. It should be noted that if the vacuum dried resin was returned

to the oven for another day, the additional weight change was
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negligible. No weight change was observed during the time required
to weigh the ! e dry samples. All weights were determined to the
nearest 0.0001 g on a Mettler H10w balance. Detai]s concerning the
individual catalyst charges prepared during the course of this work

are presented in Appendix E.

4.2 Syringe Pump Calibration

Calibration curves were determined for all pump and syringe
combinations. Distj]]ed water was used as the calibration fluid.
The calibration points for the two syringes fell on the same lines
(i.e. the syringes were so similar that they were interchangeable).

Each calibration point Qas determined as follows. A 10
millilitre flask with a ground glass stopper was weighed empty.
Water was injected into the flask by a syringe pump equipped with
a needle. From the elapsed time and the weight of water injected
a volumetric flow rate (given the density of HZO) was calculated.
Since the flow rates involved were quite low and some very low
flow rate ca]fbrations required up fo 3 hours, precautions
had to be taken to ensure that evaporation of water from
the receiving flask did not prejudice the calibration curve.

The injection needle was bent and inserted through a small cork
stopper which had.another needle through it to act és a vent. Thus
" when the fiming was started the flask was lifted so that the cork :
blocked the neck of the receiving flask. In addition, for the

model 355 calibration the receiving flask (which was inside a 250

ml beaker) was cooled by surrounding it with air which had been

sent through tubing coiled in an ice bath. The temperature inside



the beaker was thus maintained at about 14°C and the relative
humidity inside the stoppered calibration flask was increased,
ensurin. a low evaporation rate. Detai]ed calibration data are
presented in Appendix F. The very linear nature of the calibration
curves suggests that evaporation of water during calibration points
was minimal. The calibration curves were within 2 per cent (at
higher flow rates) of the approximate values suggested by the
manufacturer. (The suggested values are nominal values for a given

size of syringe.)

4.3 Thermocouple Calibrations and Temperature Measurement

<

The iron-constantin thermopoup]e which was the basis for
temperature measurement and control of the reaqtor catalyst bed
was calibrated against a platinum resistance thermometer over the
range of 100 to 140°C. Other details regarding the calibration
points are presented in Appehdix D. During system operation
compressed air was bubbled s]ow]y.through the ice bath used and
the resulting agitation helped maihtain the reference temperature
constant. During steady-state, temperature-controlled operation,
the reactor temperature varied less than +0.1%.

The thermocouple output was amplified 300 times to reduce
error caused by digitization of the signal in the I1.B.M. 1800 .
computer. This amplification factor was very steady. Spot checks
showed that the temperature caicu]ated using the amplified signal
«nd the temperature calculated from the signal befor% amplification
(measured\by a Leeds and Northrup millivolt potentiometer Cat. No.

8686) differed by less ‘than the temperature variation during

29



steady state temperature controlled operation.

* Another consideration in the accuracy of the temperature
measurement was the effect of the gas temperature gradient in the
reactor fube on the temperature measurcment (i.e. differences
between tis rmocouple and gas temperature due tu conduction along
the thermocouple). Theoretical analysis (see Appendix D) of heat
conduction and convection along the thermocouple indicated that the
temperature measured by the thermocouple was no more than 0.2%
different than the actual gas temperature. This was a very
conservative estimate and the actual maximum temperature difference
was probabiy less than 0.1°%.

The catalyst bed itself could have an actual length up to
about 4 cm (for dehydration kinetic runs) and it was possible that
a temperature gradient could exist along the catalyst bed. During
kinetic runs any potential gradients were minimized by adjusting
the reactor section heating and cooling so that the measured |
temperatures above and below the catalyst bed were matched.
Measurements of the temperature along the reactor fube (abdve and
below the Teflon sleeve) under simulated kinetic run conditions |
indicated (see Appéndix D) that the section of reactor tube inside
the Teflon sleeve was essentially isothermal.

There were four other thermocouples in the system. These
were used to measure the wall temperature of the feed.line, the pump
temperature, the temperature just below the catalyst section of the
reactor and the temperature of the post heater section between the

reactor and the oven. These readings could all be displayed on the
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strip chart recorder (through a 4 way switch). Thus the Variacs
regu]ating'the heating for these various sections of the system

could be adjusted to get the desired temperatures.

4.4 Preparation of Feed Mixtures

vIn the preparation of liquid mixtures the components were
always added to the sampl bottle in approximate order of increasing
volatility (order of addition water, acetic acid, ethanol, ethyl
acetate, ether). The ethanol used for making up the mixtures was
kept in a refrigerator at 2% prior to its addition and the
diethylether was stored in the freezer section of the refrigerator
at about -20°C. This was done to reduce weight changes due to
evaporation during the blending and weighfng of Tiquid mixtures and
also to minimize the effect of the homogeneous liquid phase
esterification reaction (equation 1.2) when ethanol and acid were
both present in the feed. .

The required weight ffaction of a mixture was calculated
from the mole fraction of that mixture. This, together with the
liquid density of the components invo}ved and the total expected
sample weight (normally 50 to 100 Qraﬁs), vas used to calculate the
required volume of each constituent which wculd yield the desired
mixﬁure. The compositions of mixﬁures were such that they were
outside the rang.s of immiscible compositions (immiscible
compositions can exfst for ethanol, ether, water mi-tures or for
efhanoT, ethyl acetate, water mixtures).

The calculated voluimes of the constituent liquids were then

'dded to the sample bettie and the weight difference before and after



the addition of each component gave the weight of that component in
the mixture. Liquid components were added with 10 ml and 50 ml
pipettes which were cleaned Qith wash ethanol and thoroughly dried
before use for each dffferent component. Weights were determined
to the nearest 0.0001 g.

After all the required components were added and capped
sample bottles were stored in the refrigerator prior tojuse. The
fevd syringe (barrel only) was chilled in the refrigerator for 10
to 15 minutes before the chilled 1iquid mixtures were added. The
feed syringe was equipped with a section of 1/16 inch (0.D.) tubing
and this was blocked off with a rubber plug fo stop the flow of
Tiquid out the nozzle during the course of filling the syringe.
The Tiquid sample bottle was vigorously shaken before the cap was
removed and liquid mixture was poured into the chilled syringe
barrel. The plunger was then inserted into the syringe, the
syringe was inverted and the air pocket was forced out through the
feed tubing (in a’fume cabinet). The syringe was carried to the
equipment and the feed mixtures were ready to bc injected.

For the G.C. ca]ibrétion feed mixtures the exact feed rate
did nct have to be known, therefore 1. was not necessary to 'Tow
the Tiquid in the feed syringe to reach room temperature (the

density of the feed [used to calculate fsed rate] was known at this

temperature but the esterificotion reaction rate was also increased).

In the case of dehydration runs there was no danger of a lLumogeneous
reaction and the syringe was kep: at room temperature for a

sufficient amount of time to aliow the fecd liquid to reach room
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temperature before the final steady state data were taken. For the
esterification reaction the equipment was modified to allow the

use of two syringes and the ethanol and acetic acid could be
segregatéd.

The density of the feed liquids was determined experimentally
by using a pycnometer. Determination of the weight of Tiquid which
would fill the known volume vessel allowed one to calculate the
]iduid density; For some feed mixtures (water-ethanol) density-
composition tables were available. The experimental density was
always within 0.002 g/cm3 of tabulated density. Therefore this

was an accurate means of measuring liquid density.

4.5 Operation and Calibration of the Gas Chromatograph

4.5.1 Gas Chromatograph Operation

A Hewlett-Packard 5710A gas chromatégraph was used to carry
out the analysis. The following chromatograph column and operating
conditions were used to separate wgter, ethanol, diethyl ethe
ethyl acetate and acetic acid. A

Columns: The two columns (A & B) were identical composite columns
4 feet long and made up of three sections. A 1/2 foot section
of Porapak S was connected to a 3 foot section of Porapak R
and the last section contained 1/2 foot of Porapak Q-S. The
column tubing was 1/8 inch diameter 316 stainless steel seamless
tubing (thinwall; 0.020 inch wall thickness). Connections
between column segments were with standard Swagelok unions.

Column Temperature: The analysis was carried out with the columns
at 185°C (i.e. isothermal G.C. o' n temperature) .

Carrier and Reference Gas Supply Pressure: Heliur was used as the
carrier gas. The upstream supply pressure was requlated at
60 psig.

Carrier and Reference Gas Flow Rate: The flow rate through each of
the columns was requiated at about 45 ml/min at ambient




conditions (ZSOC, 93.5 kPa). This was equivalent to a flow
rate of about 38 ml/min at S.T.P.

Detector: The detector temperature was controlled at 250°C and the

bridge current sensitivity setting was 4 (=150 milliamperes).

Gas Sample Valve: A two loop Hewlett-Packard 18 719A gas sample
valve was used to inject vapour samples.

Gas Sample Valve Temperature: The controller for the heated gas
sample valve was set for 2007°C.

Gas Sample Volume: Loops of sample volume 0.75 ml were used.

Liquid Injection Port Temperature- For liquid sample ingections

the injection port temperaturc wa  controlled at 150°C.

Liquid Sample Size: Liquid samples ranged in volume from 1.0 to i.5
microlitres.

Additiona] details of the analysis, including a typical
chromatogram, are given in Appendix C.

The gas sample valve was operated at 10°C intervals when
heating the valve from 150°¢ to ZOOOC to insure that the Teflon
parts did not seize up. The gas sample volume used for the ex-
periments was 1/4 ml. Saﬁp]e Toops with volumes of 1/2 ml and
1/8 ml were also tried but the larger sample size resulted in
increased fusion of component peaks while the smaller volume did
nc‘ 2sult in sufficient response for accurate analysis for Tow
concentration components.

The carrier gas flow rate was measured with a bubble meter.
Spot ~hecks indicated that the carrier gas flow rate through the
coiu -emained constant over long periods of time given a
constan. regulated supply pressure. At the inlet of the gas
chromatograph the gas passed throuch a drying tube containing

molecular sieve 5A which reduced the moisture content of the helium.
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The molecular sieve material had to be regenerated periodically
(heated overnight at 300°¢ every 6 - 8 months) to insure that
prolonged contact with excessive water (in t! helium) did not
degenerate the chromatograph columins.

The short term (i.e. overnight) shutdown of the G.C. system
involved a reduction of the helium supply pressure to about 20 psig.
The detector controller remained at 250°C with the sensitivity
(brige current) off and all other temperature controllers turned
Ff. Normally during start up of the G.C. in preparation for a
run the oven was operated at 200°C while the detector output
~stabilized (about 2 hours).

4.5.2 Calibration with Gas Samples

Getting consictent, reproducible gas samples f v analysis
proved to be more difficult than at first imaginc Initially the
samples were fed (via the syringe pump) into some connecting tubing
in the heated oven and then directly into the sample valve. This
resulted in widely fluctuating det-cted peak areas for repeéfed
injections. Apparently the different components in the samples
were not being vaporized in a steady manner. Thne fegd was being
vaporized in slugs and a particular injection might involve a
sample rich in the lower boiling point components whf]e another
injection might be rich in the higher boiling point components.

This problem was solved by feeding the liquid mixtures into
the circulaticn loop in the hot oven while the circulation pump was
running. The vaporized sample was thus circulated in a smaller

volume Toop (*he sample section was connected directly to the feed
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tee with the loop exit just before the feed tee) with no catalyst
present.  This procedure resulted in reproducible peak areas.

The response factors for the components were defined
relative to the ethanol (ETOH) response factor of 1.56 (4,15)

according to equation 4.1,

(4.7)

REG = 1256 (A Apqay )/ (% /% 04)

<Ai/AETOH) being the peak arca ratio and G/ Xepgy) the mass ratio,
Response factors for the other compounds were calculated from -
analysis of mixtures of known composition. It was necessary to use
different response factors for the two sample valve loops to
give consistent results put for each loop only one set of response
factors was used. Just as the liguid phase response factors are
different from those obtained with vapour phase samples, there
1S no reason to presume that the response factors for two different
gas sample Toops should be identical. In fact the peak shapes for
idenfﬁca1 samples analyzed wi*" the two different loops are<
different. The differences 1 P caused by the restricted
nature of the small (=1/32 inch internal diameter) sample loop
tubing resulting in slightly different sample sizes and sample
injection pulses which are unique to each loop. The response
factors for all components are given in"Table 4.1. Plots of the
response factors versus the mass ratios are presented in Appendix C.
The ethanol and ether peaks tended to be fused to some
extent (more so for gas samples) and the area calculation procedure

used produced a change in the ether response factor when the area



TABLE 4.1

RESPONSE FACTORS

Vapour Samples

Liquid Literature

Lomponent Sample - Loop 1 lﬁUUT,ﬂA_A,-.,,,»A}@\?“il~§4»Jﬁilm
ater 183 L w07 (2.0) 181 .82
[thano] 1.56 “1.56 156 1.56

L Lher | .47 137 L 1.49

Fthyl acetate 1.29 1.29 1.30 1.27
Acetic Acid 1.22 1.24 | T 1.20 » -

T <,

See o otion CL3, Appendix
ratio of ether/ethanol wis less than about 0.2. 7 Tho ;oab area
calculation procodure u>@d.for a1l other componerts rosulted in a
co. ulated ether area that wio too high for sampics of Tower\gther
composition. he area calculation option in the G.C. prob“aﬁ
which was usea for the eth-r pes. drew a base ire between a point
irn the regicn between the ethanol and ether peaks and the end of
the ether peak (16).

The efher respon factor for loops 1 anc 2 was adjustads
according to equations C.. and C.2 (Appendix C) for smaller area
fractions of ether/ethanol.

Given these respanse factors one could celculate compositions

according tec equation 4.2,

(\1/[)[‘)
- A a
A (4.2)
E ——
=1 RFy



The composition calculated from the analysis of known feed
wictures fora number of samples is presented in Appendix C.
irlculated compositions were consistent with the known chpositibnS.
03 b tionwith Liquid Samples

Liguid phase samples were injected into column B, A number
of comporent mixtures wgfe used to determine response factors for
Tiquid samples.  Response factors were calculated according to
'uquation 4.1 and these were close to the literature values (4,18)
(see Table 4.1). Analysis of liquid samples was carricd out to
calculate the fraction of impurities in the components which were

blended (see section 3.7) to get the feed mixtures.

4.6 Inscirtion and Removal of Catalyst Charges

Prior to the filling of the reactor with cata]ysi, a 40
imesi stainless sieel screen was positiohed so that it rested on
the Tedge along the reactor tube (see Figure 3.4). Another
stairless ¢ ecel screen (-100 mesh size)‘was set in place above
the 40 mesh screen. Two lengths of Teflon sleeve weve then
positioned on the screens. The lower one was 3 cm long and the
upper one was 2 cm in length. These sleeves were made so that
their internal diamet- was equal to the I.D. of the reactor tube
below the Jge and their ouiside diameter was such that they
fit tightly into the upper section of the reactor tube. de
metal rods wnich had diam ‘ers close to that of the reactor tube
abuve and below the ledge respectively were used to position and
remove the screens and sleeves.

The catalyst was tnen poured into the reactor. This

-

N
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operation was carried out by inserting a glass funnel with a Tong
stem into the reactor tube. The catalyst charge was thoen poured

Eir '
from a-vi&ﬁ,lnto the furnel. A problem was encountered at this
point because the catalyst beads tend to adhere to the glass walls
of the funnel .ube To overcome this situation it was necessary
to heat the reactor section and prcheater to a moderate temperature

° - 0°)

(50 The upper section of the funnel, which extended
beyond the preheater section, was heated using é portable fan
heater.  The adhesion between the glass and the catalyst beads was
reduced at higher temperatires so that the catalyst spheres flowed
into the reactor tube. While the above procedure was useful for
getting the catalyst into the reacto:, it may have been responsible
for Leme catalyst deactivation (in the case of some batches of
catalyst) because of overheating of the catalyst during the
Insertion into the reactor. An tmproved procedure for filling

the reactor with catalys! was employed in loading charge #6 of
Batch 2. For this charge a long-stem funnel was fashioned out of
paper and it was not necessary to heat the reactor tube since the
catalyst did not stick to the paper.

The catalyst removal prucedure involved using a metal rod
to raise the entire catalyst section 1 or 2 cm. A small (1/16 1inch
diameter) rod was then inserted from above and pushed tHrough the
catalyst parti-" = to tiit the screen discs below the sleeve
section.‘r‘ cart.cles flowed ouf and were caught in a
beaker (u: o e tue in labelled vials) at the

bottom of tn. el ne he roens o 4 sleeves were then

’
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pushed it of the top of the apparatus and the clear reactor tube
could be cleaned thoroughly in preparation for the next charge of

catalyst.

4.7 Operation of Equipment
4.7.1 Equipment Startup

In preparation for starting the circulation pdmp and the
injection of feed the following operations were performed on the
system components listed below.

G.C. System: This equipment was set to its normal operating state
as described in section 4.5.1. In addition it was necessary to
turn the G.C. signal amplifier on and to make sure that the
G.C. analysis program on the IBM 1800 was operational. When
the G.C. output had stabilized the baseline was set. The
detector output at a G.C. attenuation of 1 was adjusted with
the zero adjustment until it corresponded with the output at
an attenuation of «,

Strip Chart Recorder: The recorder was turned on at a low chart
speed (w2 nches per hour) with the unper {red) pen set at a
span of 0.10 mV. This pen was used to record the output from
thermocouples 1 through 4. The span on the lower (black) pen
was set at ImV and this recorder channel was connected to the

attenuated output of the G.C. detector.

Reactor System Oven: The squirrel cage fan on the 1id of the oven
was started and a full 120 V was sent to the oven heater via
Variac #2. The oven temperature was monitored during startup
and when the output signal from thermocouple (T.C.) #2 reached
mV (<131°9C) the Variac was adjusted to its "normal" run
setting of =80%.

Ice Baths: The two vacuum flasks were filled with ice and water so
that the liqui. water level was near the top of the bottles.
One bath served as a reference temperature for the thermocouples
connected to the strip chart recorder. The other bath was the
reference for the thermocouple measuring the reactor temperature.
The  old junction of this thermocouple was strapped to an air
"ibe and the assembly was immersed in th ice-filled vacuum
Tiask so that the mixture was agitated by the bubbling of air.

Temqgfgﬁure Control Loops: The reactor thermocouple amplifier was
turned on and e two " D.C. loops ( 2) (these Toops perform the
function of conventiona controllers) controlling temperatire



were made "operable manual" so that the reactor temperature
could be measured and printed out when requested. Loop 0E92
controlled the reactor preheater while loop OL94 controlled
the flow of cooling air through the reactor cooling jacket.

Interheater between the Oven and the G.C. Sample Valve: The

Nichrome resistance wire which was wound around the insulated
section of sample tubing which carried a slipstream (of

reactor vapours) to and from the G.C. sample valve was supplied
with a voltage of about 14V via Variac #5. This insured that
there was no condensation of reactants in this section of
tubing.

Reactor Po-theater: The reactor postheater was composed of Nichrome
resistance wire wound around a long copper tube (covered with
insulating tape) which was in turn wound around the section of

ctubing Teading from the reactor back to the oven. The voltage
across this section was about 70V (via Variac #4) during
startup. As the temperature of this section (as monitored by
T.C. #4) reached about 130°C the voltage was reduced to it's

"normai” run setting of ~57V.

Feed Block Heater: The voltage sent to the feed hoater was regulated

via Variac #1. This was set at 6% to 10 dependinc on the feed
flow rate. It was notl necessary to use this block neater until
Just before the feed was started.

As the temperature of various systen cémponents approached
the. run" values (this normally took 1 to 1.5 hours), the cooling
air was set to its "normal" value (307 output on OE94). The
reactor heater was set to about 50% (via Variac #3) and the voltage
to the preheater was set to .. medium value (or manual). Uhen the
reactor temperature approached 80°C the circulation pump (speed
setting 8) and the feed puhp (note: exit bellows valve and feed
valve open), at some moderate setting (e.g. 100% setting at 1 0C
range), were started. The feed during startup was usually pur
ethanol or some ethanol-water, ethanol-ether mixture. This was to
prevent.any condensation problems which might have been caused by

the presence of higher boiiing point components. As the reactor

temperature rose "towards the Jesired setpoint value the preheater
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controller (loop 0£92) was set to the automatic control mode. The
system was thus set for the start of any desired run. Additional
details regarding experimental procedures are presented in Appendix
G.

1.7.2 Procedures During a Run

During experinental kinetic rate runs the following
procedures described below were carried out.

Recording DDC Loops: During control studies the DDC Toops should
be checked and recorded at the beginning of cach series of runs.
A listing of the control loops is presented in Appendix G.
For this work the DDC package was used for simple temperature
control only and the state of the Toops was not recorded for

each run.

Changing and Controlling Reactor Temperature: Ffor temperature

controlled operation the veactor setpoint temperature could be
changed by adjusting loon 0892 through the teletype keyboard.
For any desired reactor temperature, the temperature just
below the catalyst bed (measured via T.C. #3) was adjusted

(by maninulating Variac #3) so that the temperature above and
below the catalyst bed were matched.

Changing and Setting Feed Rate: The feed syringes were connected
to the system with Swagelok unions located just outside the
oven. When only one syringe was used the second feed port
was blocked oft. The 'sTred feed rates were set manually to
the raequired values on the syringe numps. Because the feed
rates were sometimes quite low the feed valve was only opened
about 1/4 turn. In this way the feed pumps were always working
against a positive pressure and there was no opportunity for
the fluctuating pressure in the circulation loop to affect
the feed rate (this was possible with more volatile feed
compositions). The exit section bellows valve was also choked
back to about 1/4 turn open to help stabilize exit pressure.

Taking Gas Samples: The procedure for taking and analysing a
vapour sample involved the following steps. The chart speed
on the recorder was increased to 1, 1/2 or 1/5 inches per
minute. The IBM 1800 interrupt button connecting the
unattenuated, amplified G.C. signal to the computer was pressed
and vhen ‘he interrupt light came « the sample valve was
switched. The appropriate attenuation was set for cach peak
(on the G.C. panel) and injection number was recorded on the
strip chart output and on the teletype output when the sample
report was printed. At least 6 to 8 samples were taken once
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the experimental product analysis for each run had stabilized. ‘
Runs were carried out over at least a one hour time interval

but some low flow rate dehydration runs took 4, 5 or more hours

to reach steady state.

Reading Atmospheric Pressure: During each run (normally towards

the end of the vun) the barometric pressure was measured using
a Cenco barometer (cat #76378) located in Room 404 of the
Chemical-Mineral Engineering Building at the U of A. "This

room was across the hall from the area in which the experiments
were being carried out. Atmospheric pressure varied betweon

92 and 95 kPa.

The output signals from the four thermocouples were checked
by using the 4 way switch. The temperature normally recorded was
‘the indicated temperature from thermocouple #3 just below the
catalyst bed. The other three temperatures did not vary to any
great extent with all the equipment operating at steady state and

they were only recorded once or twice during each run.

4.7.3 Shutd n of the Equipment

The shutdown procedures at the end of an-exparimental run

are described below. \
Feed Syster: If the feed containgg any acetic acid, the circulation
toop was flushed by feeding ethanol or an ethanol mixture (not
containing any acid) for 5 or 10 minutes at a relatively high
feed rate (e.qg. 1007 setting at 1/100 range). The feed was
shut off and the nitrogen was connected to the feed port. The
nitrogen was used subsequently to flush the system (see
nitrogen purge).

G.C. System: The G.C. signal amplifier was turned off and all
other parameters were set as described .at the end of section
4.5.1. ' '

Temper-tuyre Controllers: The DDC lToops for temperature control
were placed into the operable manual mode. After the shutdown
procedure was completed they were placed in the non-operable
mode and the.reactor thermocouple signal amplifier was turned
off.

System Heaters: The vo]fage to all heaters (including the
preheater) was set to zero. The oven and other insulated
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portions of the system cooled slowly (=2 hrs. to reach 3OOC)
therefore there was no danger of any condensation during the rest
of the shutdown procedure.

Nitrogen Purge: As the temperature of the reactor approached 80°C
the feed valve was opened wide and nitrogen gas (at a regulated
pressure of =2 psig) was fed into the circulation tubing for
4 or 5 minutes. This prevented any condensation during the

remainder of the cooling phase.

Circulation Pump: After the nitrogen purge the circulation pump

was turned off and the oven fan was also stopped.

Catalyst Bed Cooling: The air flow through the reactor cooling
Jacket was increased-to its maximum * . ~ for =5 min. and
the catalyst bed temperature quickly ircoped towards room-

temperature. The cooling air flow wa. wnon s topped.

Thermocouple Cold Junctions: The two cold junctions were removed
from the ice baths. The iron-constantin thermocouples tended
to corrode very quickly when left in water for extended periods

of time.

Strip Chart Recorder: The pens were lifted from the recorder paper

and the recorder was turned off.

After a spot check to insure that motors, pumps, henters,
amplifiers, G.C. detector current and recorder were ‘all off the

equipment was in a safe shutdown state.



CHAPTER FIVE

RESULTS FOR THE DEHYDRATION REACTION

5.1 Introduction

The dehydration reaction runs were carried out at three
temperatures (110, 120 and 13OOC) over a period of about 4 months.
The reactor pressure during experimental runs was atmospheric, '
which varied between 92 kPa and 95 kPa. Five different feed
mixtures were used during the dehydration runs. EXperimenta] runs
performed withéut any catalyst fn the reactor showed that no
dehydration of ethanol occufred in the absence of catalyst (the
tenperature and feed rate were similar to those used during actual
runs). Repeat runs made after 20 to 40 hours of operation with
the same catalyst charge reproduced the original runs very well,
Contacting the catalyst with water, ethanol and ether vapours did

not result in any catalyst deactivation.

5.2 Consistency of Dehydration Data

The dehydration runs used to determine ..c kinetic constants
for the dehydration reacfion are summarized in Table 5.1. The
compositions of the feed mixtures which wererysed during the
dehydration runs are presented in Appendix H. Results for each
run are summarized in Appendix I. Also included in Appendix I are
runs which were less reliable for a number of reasons. The method

used to calculate the dehydration rates is included in Appendix I
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TABLE 5.1

DEHYDRATION REACTION RUNS

1
Feed Rate 1
of Cﬁff‘Tﬁé;_‘Conversion Rate4
Run (°C) Feed x10 (%) x10
I11-] 110.0  ETOH®  0.825 - 4.g9 0.403
[11-4 110.0 ETOH 0.325 9.69 0.315
V-1 135.0 {_TOH 2.480 7.31 1.810
Iv-2 135.0 ETOH 1.100 14.11 1.550
IV-3 135.0 ETOH 1.653 10. 36 1.710
V-4 135.0 ETOH 0.8723 17.27 1.420
V-1 120.0 ETOH 0.826 8.30 0.685
VI-1 135.0 ETOH 0.677 20.12 1.360
VII-] 135.0 ETOH 0.679 20.77 1.410
VIT-2 135.0 ETOH 0.405 29.13 1.180
VII-3 135.0 ETOH. 1.096 14.70 1.610
VII-4 135.0 ‘ETOHZ 0.682 20.85 1.420
VIII-1 135.0 XXXI 0.820 14.23 0.898
VIII-2 135.0 XXXI 0.322 27.60 0.68%
VIII-3 135.0 XXXI 1.315 9.66 0.978
[X-1 120.0 XXXI 0.985 4.93 0.374
X-1 110.0 XXXI 2 0.322 4.55 0.113
XI-1 135.0 XXXIT 0.582 24:93 1.]403
XII-1 135.0 ETOH 1.051 15.05 1.580 4
XII-2A 135.0 ETOH 1.127 14.13 1.590 (].483)4
XII-3 135.0 ETOH 2.275 8.01 1.820 (].698)4
XII-4 135.0 ETOH 0.554 24.20 1.340 (1.250)4
XII-5 135.0 ETOH 1.706 9.92 1.690 (1,576)4
XII-6 135.0 ETOH 1.131 13.99 1.580 (1.474)4
XII-7 135.0 ETOH 1.253 13.18 1.650 '(1.386)4
XII-8 135.0 ETOH 1.375 12.16 1.670 (].28])4
XIV-1 110.0 ETOH 0.556 6.61 0.367 (0‘342)4
XIv-2 110.0 ETOH 0.287 11.54 0.331 (0.309)
XVII[-2 135.0 ETOH 1.495 11.45 1.710
XVII-3 135.0 ETOH 0.889 17.57 1.560

]Units are (mole/min g cat.)).

2Feed ETOH cdntained “0.15 mole % water, feed XXXI was 23.05% water
and feed XXXII was 0.11¢ water and 21.43% diethyl ether. Feed
compositions are listed in Table H.1. .

3The rates for run series XII and XIV were all adjusted to account for
initial deactivation of the catalyst batch used.

4Rates before aijustment for catalyst deactivation due to exposure
to acetic acid during E series runs.
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along with a sample calculation.

One way of presenting the rate data is to plot the dehydration
rate against the conversion (at one temperature and pressure). The
data for a fixed feed composition should fall on a smooth curve, As
the overall space velocity (feed rate/mass of catalyst) approaches «,
the rate is equal to the rate for a fluid with a composition
\identiéa] to the feed composition. In the ideal case as the space -

\ v

V&]ocity approaches zero, the conversion approaches a value St which
the compositioh of the reacting mixture is equal to the equilibirum
composition.

The dehydration rate data were plotted at three different
temperatures and are presented in Figures 5.1 to g;3. The solid
lines indicate the calculated curve using the final dehydration
modél as described in equation 2.4 (see Section 5.4). The rate as
a function of conversion was calculated from the temperature,
pressure (assumed to be 93.5 kPa) and the composition corresponding
to various values of the conversion. |

There is little doubt that the large amount of data at
1359C is more reliable than the limited data at lower temperatures.
THus any model which fits the isothermal rate data at the higher
temperature is probably a reasonable model for the dehydration
reaction throughout the temperature range of interest. The rate
at lower temperatures is much lower than the rate at 135°¢ resuf%ﬁng

in less accurate data. Hence the fit of the model will be poorer

for the lower temperatures.
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5.3 Modeling of the Lehydration Rate Data

The dehyd «tion run conditions were used to generate
predicted rates ac.ording to equation 2.4. The constants in this
model were calculated acrording to equations 2.5 to 2.8. These
gonstani Jere taker from the work of Kabel and coworkers (5, 8, 15,
21) and were developed from data using a resin similar to the one
used in this work. The activity of thi ‘wo resins may be different,
due to differences in acid site concentrations and surface area.

The experimentally measured rates from this 1nvestiga£ion are
compared to the ,.tes predicted by the model of Kabel, -using the
rate and adsorption constants presented by Stula (21) (given as
equations 2.6 to 2.8), by plotting the ratio of experimental rates
to the predicted rates. The experimental andApredicted rates are
tabulated . _ording to tomberature and feed composition in Table
5.2.

The ratio of rates (experimental/predicted) is plotted
versus the composition of water (in the‘reactor product) in Figure
5.4. If the predicted temperature dependence of ks is correct
(eduatjon'2.6) and the values of Ky and K, are as described by
equation 2.7 and 2.8, the plot presented in Figure 5.4 éhou]d be’

a horizontal line. The linear, non-hoffzon;al Tines shown.were the
relationships estimated by eye for the data at each temperature, By
extrapolating these Tines to 0 mole % water, the ratio of rates

in the absence of water can be calculated. These water-free ratios

are approxfmate]y 0.74, 0.68 and 0.82 at 135, 120 and 110°¢

respectively.,
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Since there is no apparent trend in the extrapolated rate
ratics, a reasonable approximation is that the datu .t al;
temperatures extrapolated to the same water-free ratio. The rate
—expression in the absence of watér, given by equation 5.1 (see

equa’ion 4, Pw = 0), need oniy be multiplied by a constant )

proserty model the rate data.
[ 28

e

Another explenation is that kg and KA compensate for one
another in a way that ryg T oo where ¢ 1s a conspant with both
kS and Kd functions of temperature. Thi: ' tter explanation is
no. very plausible. A better explanati: > that KA is modeled
accurately by equation 2.7 and that the temperature dependence
of kS is described by equation 2.6.

By using the data at ree different temperatures,
iﬁ was poscibie to calculate the kinetic parameters kS,KA and
KW' The calculations are pertormed in Appendix J and the results
e osummarized in Table 5.3, The eczimated adsorption constants

at ]350C are ithin about 10% of the values calculated from

equations 2.7 and 2.8. This suggests that the model represented by

these equ-tions is a reasonable one.

The data were fit in various ways by using a non-linear

§

itting scheme (11, 13). Kinetic parameters for the three different

dehydration mc J:1s represented bv equations 2.4, 2.9 and 2.11 were

s



TABLE 5.3

>

ESTIMATED KINETIC PARAMETERS

Values Estimated from Do S endix J
(Predicted from Equa™ 5 v 2.8)
I Y Y
T ks X 10 | kA X kw x 10 # K]
O o) (motes/min g cat.)) (/kPa)  (/kPa)
110 0.754 525 9.7 -
(0.844) (4.59) (10.58) (28.83)
120 115 3.83! 6.18] -
(1.93) _{3.35) (6.63) (25.51)
135 4.18 . 2.46 3.19 -
(6.15) (2.15) (3.42) (21.43)
b aqlated by usivg the value at 1352C and assuming the

5

b - . . )
temperatur  dependence of ¢huations 7,7 and 2.8

found and the results of the calculations are su

The MRD (mean residual deviation) is the mean

to be correct.

mmarized in Tabie 5.

deviation of the o<-

4.

timated and experimentai values (i.e. [predicted-ecxperimental]/exper-

imental x °
the absolute .alues of the percentage deviations
fitting program (11) minimizes the sum of the sq
di“ference between the pred? ted and cxperiment
values of

index are gererally not identical to those which

-The TAD (total average deviation i ¥ie average of

. The non-linear
Cares (SQS;oof the
The

veoes.

would minimize the

TAD index. In fitting the dehydration rate data the reaction

equilibrium constant was not considered to be a

parameter for

fitting but was assigned a value according to equatior .5,

o fitting parameters required to minimize the SQS fitting

5¢



The pseudo-homogeneous model (equation 2.11) was eliminated
on the basis of the high TAD (5.13%, more than twice as large as
the deviation ot the best models) and the fact that the deviation
of the ether-ethanol feed run (Run XI-1) was over 30% (an order
of magnitude higher than the deviation of the same run for the best
cases).  fquation 2.9 provided a reasonable fit but was worse than
the best fitting cases using equation 2.4, The slightly poorer
fit of the apecetche and Cunningham model and the fact the adsorption
constants ¥ * and KN as presented in the original paper (1) did not

A
show consistent trends with *emperature precluded the usc of

.

equation 2.9 as the best model. The Kabel model (8) rcpregentéd by
equation 2.0 modelled the data with the least deviation. In fact
thé fit was equally good when the parameters were fitted in two
different ways. These cases are presented in Table 5.4 and can be
described as follows:

1. Fitting only kg and Kw and using KA as described by
cquation 2.7 resulted in a TAD of 1.87%.

¥
2. Titting all three parameters yielded a TAD of 1.88%.
Thus at 135°¢, equation 2.4 was able to represent the rate data
within 2% on the average.
The results at 110°C and 120°C were sparse aﬁd less reliable
than the data at 135°C. Since KA and the modified kS adequately
.represent the data in the absence of water, one reasonable way to
,it lower temperaturé data was to adjust kS by multiplying the

results of equation 2.6 x 0.74, using KA as describéd by equation 2.7

and modifying the water adsorption constant such th -t the heat of
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TABLE .4

RESULTS OF FITTING WITH DEHYDRATION MODELS

Model Constants Estimated Value
not fitted (Initial Guesses) Fitting
. 4 , 2 Dy wan? Indices
_ . k x10 K, 10 Ky oKy *x10 MRD. TAD
Equation 1 e e 2
# B ( O (M/kPa)  (RRPATZKPQT)  (®) (]
2.4 Kn 4.54  2.54 - ~0.05 1.87
(4.31) -(3.19)
2.4 Kn oKy 4.76 - - 21.35 3.69
: (4.31)
2.4 Ky 3.82 - 2.84 ©20.07 1.94
(4.31) (2.46)
2.4 . 416 2.19 2.45 -0.03 1.88
(4.31, (3.19) (2.46)
2.4 k =0.74k - 2.54 2.15 -0.05 1.88
(3.19) (2.46)
211 - 2. 51x10° - - ~0.80 5.13
(0.0319)
2.9 - 7.90 1,58 9.09x16° -0.17 2.34
(0.001) (3.19) (0.01)

]Units as 1oquired.
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adsorption could change but the adsorption constant remained at
about 0.0254 kPa—] at 135.0°C.  This was the method by which an

expression for KA was obtained, N

5.4 Final Model for the Dehydration Reaction
The rinal dehydration model (see equation 2.4) used KA
and K] as ygiven by equations 2.7 and 2.5 and the value of kS from

equation 2.6 multiplied by a constant of 0.74. The revised

expressions for ks and Kw are given below.

-103.29/R T
/ g (

7.6072x109e moles/(min g cat.)) (5.2)

>
f1

1

- 3005 -
K, = 2.4902x107 190738/ RyT (=T (5.3)
" The ability of this final dehydration model to fit the data

1s summarized in Table 5.

5 for a number of differeq&g;ases. The
.‘\—*:,“:vl.;

rates calculated using the modei described above are shown as the

solid Tines on Figures 5.1 to 5.3. It can be seen that this model

o

describes the experimental results quite well.

TABLE 5.5

SUMMARY OF FITTING FOR DEHYDRATION DATA

Data Set Data Points Fitting Indices

MRD TAD

# (%) (%)

Data at 135.0°C, Table 5.2 . 23 0.6 1.85

Data at 110.0°C, and 120.0°,
Table 5.2 7 +2.04  8.96




CHAPTER SIX
ESTERIFICATION RESULTS

6.1 Introduction

The‘raﬁe of reaction for the formation of ethyl acetate and
water from acetic acid and ethanol was greater than the rate of
ethanol dehydration. The esterification reaction also proceeds in
the Tiquid phase and therefore the acetic acid and ethanol had to
be fed from separate syringes. Another problem was the adsorption
and or condensation of acetic acid somewhere in the system (the
sintered filter element and the ceramic spacers in the thermocouple
plugs were considered the most tikely places). This resufted in the
formation of esterif{caﬁion products even.when no acetic acid was
fed into the systen but this "adsarption” effect was small when
compared to the catalysed reaction rate.

The vapour-phase esterification reaction proceeded to some
extent inr the absence of catalyst. The "homogeneous" reaction
phenomencn had to be fnvestigated. In addition'to the problem of
homogeneous reaction, the acetic c1d also deactivated the catalyst
and the exberimenta] rates had to be adjusted to account for the

‘deactivation.

6.2 Esterification Rate for the Blank Reactor

Several runs were performed without any catalyst in the

reactor and these are presented in Appendix K. The rate of
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esterification in the absence of catalyst (rZh) can b adequately

represented by equation 6.1.

"2h © *on PaPp (6.1)

The‘“homogeneous“ esterification constant (k2h) is described by
equation K.2 (ﬁﬁpendix K).

This rate is in the order .i 1/100 of the catalysed rate
and considering other experimental errors, no adjustment to the
experiment rates was made for this "homogeneous" reaction. After
10 hours of batch operation only about 30% of the original ethanol

was converted (feed = 51% ETOH, 467 HOAC).

6.3 Catalyst Deactivation

The activity of the catalyst uocreased upon contact with
acetic acid. The relationship between contact tfme and the extent
of deactivation was determined by doing repeat dehydration runs
during the series of esterifigation runs. The details of this
procedure are presented in Appendix L. Any reduction in QGhydration
rate was caused by contact with acetic acid (or ethy: otate), The
deactivation ratio (Rd) was defined as the "effective" catalyst mass
divided by the actual catalyst mass (cf.Appendix L). Thus one had
a means of determining the "effective" amount of catalyst, knowing
the original mass of catalyst and the time of cexposure to acetic
acid.

The‘equation for the deactivation ratio of acetic acid was

a linear expression.

Rd = 1-0.002803t (6.2)
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Here the time of contact t has units of hours. After 100 hours in
contact with acetic acid a charge would have approximately 70% of

the activity of fresh catalyst,

6.4 Consistency of Esterification Rate Data 4

A1l esterification runs are tabulated in Table 6.1. Feed
_compositions are presented in Table .1 (Appendix H). The runs were
carried out at 3 different temperatures, 1200C, 125°C and 1350C. De-
tails concerning the calculation of rates and the results of each run
are presented in Appendix M. The rates for runs at each temperature
were plotted.on rate versus conversion plots and, as explained in
section 5.2, all points for one type of feed at the sanm‘temperature
and pressure should fall on the same curve. The conversion was al-
ways taken to be the conversion of ethanol to ester. Fiqures 6.1
through 6.5 show the esterification data at the three temperatures.
The solid curves‘on these plots represent the rate-conversion re-
]ation§éip predicted using the final esterification model including
the correction for catalyst deactivation (equation 6.3 using the
kinetic constants giver ir Section 6.6). [In general the esterification
“data are more scattered than fhe dehydration data (cf. Figure 5.1),
but there are definite trends. A1l the csterification runs were

considered for evaluation of tic kinetic models.

6.5 Kinetic Model for the Esterification Reaction
For the purpose of evaluating kinetic models for the
esterification reaction (as described in Section 2.3), the data was

divided into three sets, Set-1 consisted of all data at 1350C
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while et 2 was composed of all 120°C runs and set 3 of all the
remaining runs at 1259, For these evaluations KA was calculated
us ing equation .7 while kw was calculated using equation 5:7.

The equilibrium constant Kz‘was described by equation 2.13a.  For
fitting purposes the partial prossures were calculated using the
tdeal gas law.  The model descrived by equation 2.12 was rewritten

as tollows.

"
’ : R“') A} - b} ’
b N KN A - PP (6.3)
: B
s T p Y g - e
S T R
]
A code for the parameters used in fitting the rate data to
. . S P R
the estoritic tion.models of Section 2.3 15 given jn Table v.2. The

wn
EL R
mo- Vs of eqliations 2018 oo d 2019 were combined.

&,
¢

TABLE 6.2

ESFERIFICAIideFITTING PARAME TERS,

i -

Mode
O i
53, @ kg
Toe, 207 | keoKg Ky K,
218, 2.19 Ky ke )

6.6 Final Pkﬁ&;l_liyf?thc Esterification Reaction

The two best kinetic models frwaSection 0.5 wére evaluated
for all the data at the 3 temperatures. The results are summarized
in Table 6.4, The constant KA was talculated using equation 2.7 and

Ky was calculated according to equatior 5.2. The other kinetic

o
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TABLE 6.3

RUSULTS OfF P TING WITH ESTERTHICATION MODELS

itting Indices

Cquation  Data Ly e #3 oo, M T v
A set DD EVANI GRS R SRR i ant'\ YURNN 65 NN b 4 RO
6.3 ] M 67 0.012  0.272 53.2 :0.12 9.39
2 69. 8 0.037  0.354 3.4 -1.45 8.23
6 o 3.78 0.013 0.0 104.7  -0.40 11.90
2 9.21 0.012  0.003 199 1.90 6.14
17 1 3.69 0.0 0.0 138.0 -4.81 13.77
2 10. 41 0.0 0.0 23.1 -0.59 5.03
218 1 1.17 - - 126.2 -3.47 12.70
! 2 A - - 17.21.97 6.04
2.18,2.19 ] 0.961 ;Llﬁx104 - 73gt N0 12,46
. 0 2.25 075310 - R s 7 5.72
]Units as required.
TARE 6.4 _
9
SUMMARY OF FITTING FOR £STERIFICATION DATA
Maded ‘n-gav r ' Fitting Indices
Set ‘ : SQS MRD . TAD -
} - 8
- N § ) I _X19 (x) (121
6.3 AL 88.6 -0.36 8.58
6.6 A o ‘ 106.3  4.17 10.99 -
( r



parameters for model 6.3 were calculated according to the following

equations.

ks2 =265 1\10 o0 ]2/}g motes/(min ki'a g cat.) (6.4)

I ] ‘ -
Koot OSSR - (6.5)
The value of s was se. at 0.3,

The combved model (equation 2018 and 2.19) is given as

equation 6.0.

KK k k K, P

Py L B AW W R (PAPH - PCPN/KQ)
NP S b H ) ) ‘«
SRR TRy kw*w
t PR : (6.6)
] - Ty ,ﬁj ! .
The parameters k4'and ks are valculated using the fellowing equations

\
‘ 13 7eLen T _ .
K, - 1.625?70 ]10/0'“‘ gT motes/(min kPa g cat.) (6.7)

' 8 =923 . .
AS = 1.546x10%e 13 /RqT moles/(min kPa g cat.) (6.8)

'~

Tﬁé1usterifiggtion mo. 1 of equat{on<6.31pro»ides a better
it of the data than® the model of equation 6.6. The nde] described
by equation 6.3, using the parameters ks?‘ KC, and~§w as explained
above, was used to ca]cu]a}e‘predicto{érato—convers{bh curves and t
these predictions are shown as the‘solid curves on Figures 6.1 \
through 6.5, Sewé of the points which were not-fit very well (e.g.

Runs EI-1, E1-2, C11-2 and EIT-3) had feeds wite a high fraction

of one reactant. The lower rates for these extreme conditions were
3
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still fit §dtisfactori1y.
The esterification rate based on fr;sh catalyst is multiplied

by the deactivation ratio to get the actual rate. Thus the actual

esterification rate, taking the deactivation effect of contac.t with

acetic acid into account, can be predicted.

.ot

m



CHAPTEL
CONCLUSIONS AND RECUMILNOATTONS

7.1 Conclusions
The “®4nal experimental system, a§/designed ahd conﬁtructed
durfﬁg the course of work, was useful in obtaining kinetic data for
: ) : ‘

the dehydration and-esterification reactionc. In particular the

composition analysis via gas chromatograph was accurate and

pgpfdj(fivo component mixtures could be analyzed in
minutes). Since thej§ompositﬁons of all the components
W Mgtda]ly measured, mass balance ‘checks were poésﬁb1e toégive
an i"v‘imtion of wien stnédy state operation was achieved and one
cuwiu nfer the accuracy-of the4rat§ daia based on these balances,
Problems encountered concerning the %Pmputerized peak analysis
were solved by amplifying the G.C. detector sighal. <

The temperafﬁ?ﬁ control and temperature programming ability
of the experimental system was a unique feature which will be useful
for the ingéstigation of other control and kinetic objectives.

The rate nmde] of Kabel (8) :ai founc to be accurate for
the catalytic dehydrétion of ethanol. The rate model of Dewan (3)
for the estérificétion reaction was also found to be a reasonable
model. Several alternative kinetic models for the two reactions

were found to yield poorer agreement with the experimental data.

Thus the/}esd]ts of this investigation tend to support the conclusions

> \
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{

of Kabel and co-workers at Pennsylvania State University regarding
the kinetics of the dehydratiomtand estervification reactions in
the vapour phase over an ion exchange resin.

The two reactions described above were found to be poor
candidates for future control studies involving the sedectivity of
these reactions. Given the normal range of compositions used
during this study, the esterification rate was about an order of
maqgnitude larger fhan the dehydration rate. Tfhere is a possibility
thq;'the selectivity could be investigated if the feeds were

composed of 90 mole % ethanol, hut under these conditions

‘measurement errors would be increased relative to absolute

4
compositions and this would result in more scattered data.
r”‘ ’

. .
.y T
3 N, e
ﬁt!@g; e
“;}: e
LI

7.2 Reconmendations

_ VThe possibility of using othé; reacticns systéms and or
catalysts should be investigated to detevmine if selectivity type
studies could be carried out using the equipmeht constructed .
during this project. One reaction-which could prove to be com-
patible with the ethanol-acetic acid esterification reaction

would be the isopropanol-acetic acid reaction digeussed in Section

'2.3. There might be problems due to the large number .of chemical

species which ..ould bé5inVOlved\but this system of reactions merits
investigation. > |

. Future control studies will require the installation of an
automatic sampling system. The cohpositions could then be auto-
matically sampled and recorded, relieving the operator ¢f a some-

times tedious chore.



Another reactor section should be constructed so that
~kinetic and control studies of slower reactions could be conduct:d
with areater accuracy. One possible alternate reactor section
would involve replacing the reactor tu;e, preheater scction and
reactor cooling/heating jacket with another scct@ﬁ1 of similar
design but where the internal diameter of the stainless steel
reactor tube wou]d be a minimum of 1.5 cm. Catalyst baskets made
of Teflon could be built so that the catalyst charges could be
Toaded »xternally and then the entire jacket section could be
Towered into the veactor tube. The effective internal diameter
of the proposed reactor could be changed:by uéing cylindrical
Teflon sleeves of appropriate internal and external diameters
With this configuration, the superficial gas veYocity through the
gutalyst bed could be adjusted as required. The catalyst supp@rt
screens would only contact the Teflon sleeving.
¢ The reactor section proposed above would provide the
flexibility of using la. or small charges of catalyst and could
be built so that it would be interchangeable with the present
reactor scction. Given the capability of using larger catalyst
charges, the tubing config#fation could be altered to run the

reactor as a one pass fixed bed reactor.

Consideration should be given to replacement of the

existing sir . mber bellows pump with a dual chamber model
with a Ta: er cepo® . The dual chamber type pump should also
tend to red - re fluctuations in the circulation loop.

:Since the operator found it necessary to wear ear protection

-+
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throughout the experimentation period, the reactor system should
.:‘> .
e} 3 . ~ N . S - M 3
ks‘a quieter location or ithe noisy equxpnxngwggxt to
i Y, - . s
the rea?tor system, in its present location, should be shut down.

be moved

e



a) Alphabetic

R1’> "R2
bl, b 3, b4, bs

Ct, C2, €3, C4

f1, f2, f3, f4, f5

NOMENCLATURE

Cross sectional thermocouple area

G.C. peak arca of cumponent i

Ether/ethanol peak area ratios for
Toop 1 and loop 2 samples
Reverse rate constants in the

Langmuir-Hinshelwood model

Constants‘for heat transfer so]utio‘ééi
along thermocouple s - L
Forward rate constants in the Langhut?¥gix g,
Hinshelwood model |
. Feed rate of component 1
- Convective heat transfer coefficients ‘g§§%5
Catalyst Hass _ <
Enthalpy
Gas temperature profile coqstag§§z§ﬂ
Constant for heat transfer solution ’

Constants for esterification reaction models
G

“Constants for ethanol dehydﬁation reaction

‘Constants for esterification reaction models

Adsorption constants for ethanol
Adsorption constarts for acetic acid,

ethyl acetate and water N
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KI, KJ

P
A’ "B 'C’'E

Pr> Pys Py

qx’ qx+dx

1

Adsorption constants for Isopropanol and
[sopropy! acetate

Length of thermocoupte used during the
solution of the temperature profile
Constant for heat transfer solution
Circunference of thermocouple

Total pressure

Partial pressufes of ethanol, acetic acid,
ethyl acetate and diethyl ether

Partial pressures of isopropanol, isopropyl

acetate and water P’

Heat flux into and out of a differential seg-

ment dx4

ok

Rate of reaction and/or rate of dehydration *3
reaction i - \5
Rate of depydrdtion ih-the.absence 6f water

Rate of ethano]—acetic acid esterification
Homogeneous Esterification rate

Rate of isbpropanol—acetic acid esterification
Rate of reaction of component i |
Ratios of dehydration rates .

Deactivatior® ratio .

Gas constant (8.31x]003kd/mo]e é)

Loop 1, 1obp 2 ether response factors
Eesponse.faktor of component 1{

Esterification model water exponent

I
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S Catalyst site
t Time
T Normally temperature in degrees Kelvin
TO Initial thermocouple temperature
Te Effective thermocouple temperature
Tg, Tgo Gas temperature and initial gas temperature
X ) Mass fraction of component i
X Conversion of cshdRol to cther
’sz ‘ G@Onversion of etm;mﬂ to ethyl acetate
X3 i Conversion of acetic acid to ethyl acetate
Xi‘ iﬂ#i‘ '2 Fractional conye;sion of component.i
YA’ YE’ fﬁ?  : - Mole fractions of cthanol, ether and watep
£ | Fraction of catalytic sites covéred by -
] ethanol or water
b) Greek . : v Y
W . . S
v - o -Sféithiometric cocfficient
A ~ Change operafbﬁ out-in

Time constant ‘ "

/iations P

Analog to digital»converter

Direct digital control

ET,0 Ether (diethyl ether)

ETAC ’  Ethyl acetate

ETOH Ethanol

G.C. Gas Chromatograph B f

HOAC | Acetic acid
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AFPENDIX A
DUATOAND MASS TRANSTIR LIMITATIONS

A yveycele reacto used in order to minimize external heat
and moss Loaanter dimitations.  The precyele rate used c.n 71O cm3/s.
ThiL corrcoponds to a supecficial velocity of 753 c/s. This
Superioial velucity s 10 times greater thon the Jargest value
e loeed by Kabel (&) 30 his fixed b expervioents and heace it ds
ety that externa transport offects are significmt in the
cre,ont o oworv,

Looanrergximate ootimation of the raxirum extornal
dionts uting Lhc metnod o Shiln

calcutations indicaten thet the reactant

[go]

copseatration at the calalyst surface was SU.27% lower than the
concontration in the Ualk phace. It was also found that

seternal catalyst pariicle temperature was less than 0.27°C higher
ver . Tne above values were calculated

than the nulh phase tampnrel

y essuming 2 reaction rate greater than the “argest rcterification

>

e

~aten chameved and epnloving conservative estimates of physical

pra- ~*ies.  Thercfore the meyisum gradients described above are

coonabl 5971 an order of magnitude higher than the actual

<

e 5mall size 0f the catalyst marticles (<0.1 cm in

diameter) and the fact that the reacrions studied hal low heats

82
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of reaction (» g., sH for esterification is approximately -20
Pamole) suggests that ndividual sellets were unlikeiy Lo have
cternal tenperature gradients.  Regardina diffusion limitations,
Herrmen (6) in previous work with a similar catalyst found the
pthanol esterification rate to be independent of catalyst particle
. A} , - - .
cize. In Kabel's (8) work there was never any indication of

internal mass tran.fer Timitations.

-t



APPENDIX B
FSTERIFICATION MODELS

The Largmuir-Hinshelwoo { models described by oequations §.18
and 2.}9 are derived in this appendix. The syrtol S refers to an
active surface site and A, B, C and W refer to molecules of ethanol,
acotic acid, ethyl acetate and water, respectively. [t s po-tulatet
that only water and ethanol adsorb on the surface siti: and that
acetic acid and ethyl acetate only . ‘sorb on sites on which water or

ethanol are already adsorbed. [or both rodels the curface reaction

was taben to be the rate -ontrolling step. For the single site

rodel (cquation  .10) the following serict of equations appl:.
Ars hass (5.1)
bl '
f2
A-S + B« AB-S (8.2)
b2
f3
AB-S « WC-S | (8.3)
b3
f4 ;
WC-S « W-S + C (8-4)
b4

84



f
W-S « WS (8.5)
b5

LN

W h the assumption that the surfact reaction {eguation B.3)
i rat- contralling, the foliowing equation is written. The square

oy ot denste concentration.

r YiLB-S] - b3 [we-s] (B.6)

Given that the -ates of reaction for reacticn, BT, 8.2, B.4 and

B 5 are much fas*sr than the rate T reaction 8.3 the equalities

presented below hotd.

[h-51 = (r1/01)[A1(S] (5.7)
[i9-5] = (£2/b2)[BI[A-S] (8.8)
WS = (94765, [u-s]IC]

= (bab5/ f4e (WIS ] 8.9)
[0S = (b5/F5)[HI(S] 5.10)

Substituting the equalities presented above into equation B.6 yields

tne following expression.

ry - (£2(£162/0102) (#]1[3] - b3(bans/eass)[wIlc][s] (B.11)

Taking L to be the total number of surface sites the following

equations are written.

L = [5]+ [A-S] + [W-S] (B.12)

35



, o ) (8.13)
L2 TN AT v (BE2e)YINTY

S hed

Substituling equations Bo13 dinto B.o1E and cembinming the constant L

with £3 and 53 yields the evprencion for vy (in terms of partial
) }

€«

pressures and the nomenclature of Section 2.3) .

W o) - n %
. k45A(fAPB 'apw/fz? (8.14)
¢ . ) ; v )
(1v kgl vby)

The derivation of «quai..n 219 uses a imilar methodoliogy.

e dorivation Jd5ffers because the medel invelves the reaction of

{
acetic acid adsoried on water reacting with an sorbed ethanol

\

molecule.  The final modified dual site model 15 aiven below.

K, KL K R N ¢ -
T T 2] (5.15)
z , ~
Tor P+ RSP -
G P+ 40y
The two surface sites involved result in the squared denominator
1

")

term and the rocle of tre adsorbed water accounts for the KWPW Srm
¥

in the numerator.



APPENDTX

SAS CHROFATOARAPHIC COMPOS TITON ANALYSTS

C.1 beer Detection and Area Meosurement

The signe! which result, when the separated compunents of 2

[}
Ao tector is sent to a

e

cample nass throush the therimal conductivit
strip chart recurcer and alao to the IBM 1330 computer via an.
analoq to digital converter (ADC) (cf. [iaure 3.2). The corouter
proqram which anatvroes the G.C. output and Jetermines the peak

1

areas is descrisod elsewhere (16). One oroblom with @ o cornuter
gas _vescic. This was truc ovan taougr o .3se pelis acpenviloto te
reproiucable based on ayamination of the strip chart recorder nutput
for a2 number of icontical siipics.

Tring iris investigatior 1T Was faund that the problem was

ceallov naaks wors Clgst’ dnothe digitioation o OF created when
* detostor signals were Cioittrolonofine "m0, This problem 1s
$1luscratod L, looking at tho computer ante sretetion of twe ~mall

T v two ceaks weore anilyzed by the computer under

1
(0
fevl
-
s
el
)
W
3

three differernt aq'lificatfon conditions.
The detector signal was arplificd by factors of 1, 10 and
30 for the two small peaks. The first peak raximum was 0.07 mV

while the second had a raximum of 0.007 mVv (these maximums were
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relative to.the baseline detector ;ignal). The digitized G.C.
Signal for the three amlification factor, is shown in fiqure C.1.
[t can Lo seen that ot the lowest amplification factor the serond
peak is "lout™ ir the ADC digitization noise. The ~{fect of
meredased amplification of the 6.C. signal was to "Tift" this second
peak out of the ARC notse along the baseline.  The explanation for
the ieprovement with signal arplification is that the specification
for the ADRC at the Towest range AQ - 10 mV) is for measurement
accuracy equivalent to *0.03 mV.‘ This is5 true even when a very
steady sianal (o.q. dead short or a rooistor) is sent to the ADC.
At an amolification sactor of 30 the secend peak maximus is 0,21 mV
and at this lovel meximun digitization crror at Toss than .03 mV

A N

; N S T At
SCes oo Lo

itorane the peax ignaly

The actual logic of determining reak area involves tha use
of the firet derivative of tha 6.C. signal. The first ferivatives
5f the 5.0, outputs shown in Sigure C.1 are precented in Figure €.2.
o register tne stirt of a aaab the derivecive must reach and stay
hayond an upoer deadband valuz2 for a specified time interval. in
s dapivetive oriterion stated above.
For nigher amplification factors, “he secord neav can be easily

cicved cut by exanining the ook derivatives [see

—
bt
o)
[e¥)
b
—
[t
oo
¥4
)
)
—
—h
s
O
[«9)
o+
O
3
(@]
=h
)
(e}
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Q
o~
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=
3
(@]
~
oY
fee]
ctr
ct
=
4]

carameters rosdired to detect chromatographic ceaks 15 described
by Nagy (16). In this study two jobs were used during the kinetic

work. The first, as summarized in Table C.1, was used to analyze
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Por waler . cthanol add ether s Table €00 presento the computer
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‘ ; L

Duak) L ohettor column was nesded.
T4 FaleN ~ o o f ST BN ~RAG 8 N IS
ho Tinal column was cofgose ‘ 1os f Porapax S,

Followed oy 3 feet of Porapax = and t £ Porapak Q-S. The

cperating conditions have boor describe. ection 4.5.1. The

coiurm never snowes ary sign of iaterioration and could withstand

“igh temrerature 5.C. oven operation. Al hisher terneratures the

column was cleared of any a-turuiated heavy ends (meximum safe

4 - c ¢ P - I O,\\ P .
terperature for the column packing was 250°0). The biz advantage
o€ this _olumn was tha® the acetic acid peak, whicn tailed the #

1

most, was oluted last. e development of the final G.C. column

()'}



avolved the tecting of about S0 difterent column combinations,
roughly SO0 GO0 aven temperature - carrier gan flow rater - oo olumn
conbinag one and ceveral thousand sample injections,

Atypical GoCoooutput 1 shown in figure €030 The first

peabo aftor the sample injection is & nitrogen or air peak.  This

wos present coovarving degrees in most G.C.0 outputs but was 5o

sl that Tt was ignored when compositions weee calculated.  Dining

Lome Rinetic runs o small ethylene peal was detected belween the

ritrogen and the water peaks. Tf present at all, this peak was

cven smeller than the nitrogen poab.  Tne othanol peak tailed into

e other peab (PlTustrated by the dramatic rise upon changing the

attenuation from 16 Lo 1) and this was the cause of problems in

peall ey cotorsination for o oortain echanol/etner erea r “0s (sce
1

Section 4.5.7 and Sectic .3 of the appendix). In general, the

aration for the final G.C. column was good.

peak s

"3 Calforation of the G.C.
The (.C. was calibrated by sampling mixtures of known

. “tion. The area ratios for the ccapcnents (retative to the
etnano’ referance componant) wera then calculated for a number of
injections and the resnonse factors wer. calculated according to
equation £.1. The water, diethyl ether, ethyl acetate and abetic
acid response factors for the calibration mixtures are tabulated
in Tabies C.3 through C.6. The compositions of the calibration
mixtures are listed in Table H.2. The response factors for the
four components given above ars plctted as a function of the mass

\

ratios (r-lative to e*nanol) in Figures C.4 through C.7. The
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Mixture

X1

XTI

X1V

XV

XVI

XVII

XVIITI

XIX

XX

II
[1I

TABLE C.3

RESPONSE FACTOR CALTBRATION POINTS FOR WATER

Mass Ratio

(H.,0/ETOH)
0.03084

0.1169

0.6414
0.01409
0.3127
¢.2900
0.0421
0.2266
0.1444
0.01163
0.04033
0.3974

0.05952
0.9436
2.899

Sample

0.

0

oD OO0 OO o

w — O OO0 OO OO OO OO Do OO oo

Arera Ratio
Loop!  (10/ETON)

0430
N380

L1081
.1500

AR
L3724
.7943
. 7364

.32057
01670

.M37
..749

L3571
L3482

0581
.0504

.2952
2718

. 1869
L1731

01647
01319

.15372
04772

.5301
.4637

.07075
.083
.342

Response Factors

Low

72
917

231
990

.143
952

914
741

.263
.794

.043
L343

. 100
.852

.133
. 336

.002
.858

.992
.864

127
.728

.071
.826

.029
. 769

.837
.52
774

e

PN e D I RN e ) i N e N e et et PN e PO

—_— e N PN

—_

_Average  High
.

2242
.001
71
.964
.931
791
.276
848
.063
.870
103
.872
154
. 305
.032
.871

.019
. 869

.209
.769

.078
.345
.080
.820

-y

g
<

— s i S

— N — O

=N N Y =N N AN = PO

175
924

.854

.79
.799

2.178
1.936

.249
012

.983

.965
.834

.285
.885

.078
.893

.108
.389

179
.68

.046
.881

.044
.874

.309
.798

.082
. 862

.132
.877

.872
.83
.847

—_— N\ —_— _-— N0 N O

—_— e e N —_N — Y —_— N\ —_— N — NS — N — O

199

]] = gas sample loop 1, 2 =

sample.

gas sample loop 2, L = liquid
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TABLE C.4

WSPONSE FACTOR CALIBRATION POINTS FOR ETHER

Mixture  Mass Ratio Sample Af@d Ratio Hespenoo Factors

Lo (TN b ETOZETON o verage wigh

VIII 0.1039 1 0.08551 1.269 1.283 1.305

2 0.08941 1.319 1.342 1.376

IX - 0.4227 1 0.3678 1.343 1.357 1.372

' 2 (0.3833 1.388 1.414 1.428

X 0.9921 1 0.8798 1.364 1.276 1.397

A 2 0.9071 1.396 1.419  1.430

X1 2.632 1 2.324 1.370 1.377 1.384

2 2.446 1.436 1.449 1.473

XI1 0.03847 1 0.02841 1.138 1.152 1.766

2 0.03065 1.233 1.243 1.259

XIII 1.956 1 1.699 1.341] 1.354 1.371

2 1.763 1.392 1.405 1.413

X1V 2.91¢ ] 2.532 1.345 1.394 1.363

2 2.649 1.412 1,317 1.420

XV 0.05828 1 0.0482 1.273 1.29C 1.303

2 0.0487 1.236 1.30 1.313

XVI 0.1304 1 0.1132 1.334 1253 1.371

2 0.1140 1.347 [.363 1.389

XVII 0.3094 1 0.2746 1.379 1.384 1.389

2 0.2770 1.380 1.396 1.406

XVIII 0.1282 1 0.1110 1.343 1.350 1.357

2 0.117 1.344 1.359 1.377

XIX 0.02589 ] 0.01901 1.138 1.145 1.150

Vi 0.01925 1.151 1.160 1.166

XX 25.59 1 23.24 1.389 1.416 1.439

2 23.69 1.433 1.444 1.458

AXITI 0.0286 1 0.0134 0.704 0.730 0.751

2 0.0141 0.744 0.771 0.789

XXIV 0.00909 ] 0.00474 0.794 0.813 0.828

2 0.00502 0.833 0.862 0.879

XXV 0.01058 1 0.00603 0.880 0.889 0.905

2 0.00669 0.976 0,986 0.997

XXVII 0.03185 1 0.02318 1.124 1.135 1.145

2 0.02487 1.182 1.218 1.236

continued



Mixture

[II

TABLE C.4 (continued)

RESPONSE FACTOR CALIBRATION POINTS FOR ETHER

Ma<s Ratio Sample Area Ratio Response Factors
IO oop! (CTOETOMD Lo nverage  itigh
0.0255 1 0.0172 1.015  1.05] 1.084

2 0.0189 1.135 1.159 1.182
0.0147 1 0.0083 0.85 0.881 0.900

2 0.0096 1.001 1.023 1.053
0.05239 L 0.05126 1.412 1.417 1.424
0.8824 L 0.8193 1.447 1.449 1.45
2:67 L 2.45 1.517 1.226 1.54

]1 = gas sample loop 1, 2 = gas sample Toop 2, L = liquid
sample.

]
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TABLE C.5

RESPONST FACTOR CALIBRATION POINTS FOR [THYL ACLTATE

Mixture  Mass Ratio Sample Area Ratio Response Factors
4 (CIAUZETON) Loop!  (ITAC/ETON)  Lew _Average  Migh
XV 0.1407 1 0.1171 1.295 1.298 IRRTEN
2 ).1178 1.303 1.306 1.307
XVI 0.9404 ] 0.7719 1.270 1.280 1.291
2 0.7321 1.287 1.297 1.305
XVII 0.3% 1 0.2978 1.284 1.290 1.299
2 0.2997 1.291 1.299 1.303
XYITI 0.812 1 0.6753 1.291 1.296 1.300
? 0.6821 1.303 1.3 1.318
Xi X . 0.1323 ] 0.1100 1.291 1.296 1.300
&, ? 0.1109 1.305 1.307 1.31
g0 1 1.557 1,268 1.230  1.298
' z 1,536 - 1.291 1.312 1.320
hONY : 1 1.66% 1.262 1.271 1.277
2 1.70°f 1.301 1.301 1.303
XXVIL : ] 1.666 1.277 1.281 1.283
2 1.639 1.296 1.299 1.305
[ (160: - 0.05116 1.019  "1.325 1.339
[I 0.8409 L. 6955 1.276 1.29 1.295
III 2.873 341 1.268 1.277, 1.273

l] = gas samp'- oo sample loop 2, L = liquid

sample.



Mixture

RESPONSE

Mass Ratio

Sample

TABLE €. o

Area Ratio

FACTOR CALIBRATION POINTS #0R ACETIC ACID

Response Factors

A (HOAC/LTON)  Loop'  (HOAC/TTOH)  Tow _ Average  High
XV 0.2076 ] 0.1685 1,750 1.266 1.285
2 J.1634 1.20¢ 1.228 1.253
XVI i.136 1 (0.9380 1.24 1.287 1.351
2 0.9232 1.221 1.267 1.317
XVII 0.1829 1 0.1447 1.216 1.234 1.256
? 0.1474 1.186 1..05 1,222
XVIII 0.05624 1 0.04°8 1.143 1.198 1.253
2 0.04272 1.137 1.182 1.267
XIX 0.05354 1 014029 1.147 1.173 1.186
2 0.u3385 1.117 1.132 1.158
XX 1.085 - [ 0.8708 1.278 1. 1.272
2 0.3284 1.156 1. 1.219
[ 0.0571 L 0.0400 0.059 1.110 1129
[I - 0.9652 L . 0.7521 1.181 1.216 1.228
ITI 2.901 L 2.262 1.209 1.216 1.221
]1 = qgas sample loop 1, 2 - gas sample loop 2, L = liquid
sample,
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ETAC RESPONSE FACTOR

I.Sr

O LOOP |

OLOOP 2

A LIQUID SAMPLE
|14}

A
13} B g a% H__ 130

CB—'A'I.ZQ

|2 1 lllLl 1 L & ILLJLJ 1 1 J
004 0.l 1.0 40

SAMPLE MASS RATIO (ETAC/ETOH)

FIGURE C.6: RESPONSE FACTOR CALIBRATION

HOAC RESPONSE FACTOR

I.I

0.

PLOT FOR ETHYL ACETATE

l & LOOP |

[ LOOP 2
A LIQUID SAMPLE

-

— .24

_ .20

Al 1 e 1 .

o4 O. 1.0 40
SAMPLE MASS RATIO (HOAC/ETOH)

FIGURE C.7: RESPONSE FACTOR CALIBRATION

PLOT FOR ACETIC lf\\CID
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captions "Loop 1" and “Loop 2 are in reference to gas sample
injections via theoe gas cample Toops.  This method of pletting the
response factors tends to emphasive any scatter in the response
factor data.  Itois then possible to determine what the best average
posponse factors are. The final response factors M cqented in

Table 4.7 were rrived at by exanining mass ratio versus response
fartor plots, )
4

for water the Toop 1 q1\/ﬂdmp10 calibration points tended
Lo be more ~cattered than the Toop 7 points. Vater mass balances
during kinetic runs (see Avoondix I} indicated that the loop 1
water responsc fwctor of salue of o 2 pesulted in batter agreement
with the baiances caleilatea for Toop 2 samﬁfca. Thus the water
responsa factor wus set at S0 (a better valun for low water/
othanol mass ratios) for the Linetic runs. The value 2.77 was
probably better at higher mass ratios but during kinetic runs the
wass ratios wore normally quite low (the molecuiar weight of water
ic less than nalf that of any other compenent and ther“fofe the
water/ethanol mass ratics were much Tower- than the molar ratios).

The ether response fictors plotted n Fiqure C.5 appeared to
drop off at 1. rer mass ratios. This was caused by the way in which
the area was calcuiated for the ether peak (th= ether peax started
on the shoulder of the eth a2l peak). As discussed in .ction 4.5.2,
if another area calculation procedire was used the response factors
would have curved up rather than down for Tower ether/ethanb] mass

ratios. The response factor versus area ratio plot is shown in

Figure C.8. The calibration points at the lower ether/ethanol area
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vatios (area ratios leoo than about U1 vere fit

caoations, . The Toop
t

arva ratios were caboulated according

C.and .2,

RE 0000350 In Ay
R

N

74(In A

2 R

and C.2 the

factors

+

to the heat

>2

3

) -0.104300In A L)

R

peak area ratios for

wore used Lo analyzo

Tor the compositiens of the calibration miviures.

+

to pelynomial

and Tocn O ether vovponse factors at low

f1t equations

00070090 in ALy 1,48 (C.1)
R1

1.298

Tosps T and 2 are

the G.C. results

fouation 4.2 was

used to caiculate the compositions based on mass functions uid these

Voro

composition analysis for oix
a nusber of samples, the average analysis and the

e tabulated. ..0dd sampiz numbers indicate gas

and eyen samoio nunbers are
seen that the ca’

values.

converted to 1 ralar basiz,

calibration mixtures.

for loop 2 ga= sarple

ables CL07 theousgn Co1d

st othe

for

Sampies
s. It can be

~g5itiors are - iite close to the actual
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TAGLE C.7
CALCULATED COMPOSTTTIONS FOR CALTRIATION
MIXTURE XV

PR ANAYY S TS MM P ™
SAMBPIL COMPONENTS
# H. 0 - T t- 100 -TAC HOAC
Y 77700 12052 7.1 Hahd 11 .67
7 [ .57 177054 269 5 o6 11.3%1
Q 7459 (237 Jol? S e300 11,93
1 7 .59 172446 2.1 5 .37 11.85
6 .79 17,43 2 ol S 3h 11 .77
7 [ o ires 72,451 ,?.(}” Ha36 11.85
10 /o 79 717040 2 at’ S35 11.78
1% fall 12e: 2 205 b .37 12.01
[ o 68 7- vy PR Y5 .36 11.83
FEEeD 7.1 717 0h4G et S oedh 11.56
TABLE C.R
CALCULATED ColpOSITIONS FOR CALIBRATION
WLXTURE XV
CCT ANMALY ST S MOLE %
COMHINENTS ,
H2N STNH FT20 =T .C HOAC
1 18,00 13.48 2.73 L6 40 2% .36
o 17463 32.76 Zehbl- 15.86 31 .11
R 17.60 22,10 2465 16 .07 30,55
LT WRG 33,1 2.71 16.33 29,95
2 D839 32, 8L 2.69 164171 29.40
22 : 14,95 32.5° 2en1 15.87 30,03
24 1R,77 32437 2.61 15.89 30.35
26 18.89 32,5 24bH0 15.97 29.93
i®.31 32 .85 2 .66 16.07 30.09
FE=-D 19.15 33.07 2.68 16.26 28.81
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TARLE C.9 !
CALCULATED COMPOSTTIONS FOR CALIBRATION
MIXTURE XVIT

PRODUCT AMALTYSTS MOLF %

SAMPL F COMPONENTS
# H20 ET M FT20 FTAC HOAC
33 18.01 53,85 10.49 10.11 7.53
34 19,72 58,04 .24 10 .98 0.00
37 18.13 8%, 72 10 .43 10.07 T.63°
29 19.38 N3, 58 10,45 10.16 lots?
37 1o.s? 53,04 10,08 9,99 7.35
24" 19.56 82, 8T 10. 08 992 7455
36 19.49 S 52.91 » 10.15 9,084 T ottty
8 19.57 53,072 9,98 9.91 7.50
19.058 53, £8 10. 36 10.14 Ae55
FEED 19.53 52,91 10.17 9.9% S T.42

TABLE C.10
CALCULATED COMPOSITION FOR CALIBRATION
MIXTURE XVIII

PPONHICT SIS MOLF %
SAMPL F COMPONENTS
# H2 0 FTNH FT20 FTAC HOAC
19 1.95 63,20 5,03 27 .04 2.76
21 1. 4 A3 41 5.04 27.03 2.63
23 1.97 63,35 5.03 27.03 2.59
27 1.84 A3 4T 5,01 26.99 2.66
20 1.74 63.33 5.11 27.21 2.59
22 1.78 53,48 5.03 27.05 2.63
24 1.78 6£3.37 5.05 27 .09 2.69
28 1.80 £3.08 5.05 27.18 2.87
1.84 63434 5.064 27.08 2.68

m
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m
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TABLE C.11
CALCULATED COMPOSITIONS FOR CAl IBRATION
MIXTURE XIX

PRODUICT ANALYSTS MOLE %

SAMPE COMPONENTS
# H20 FTOH FT20 FTAC HOA C
5 7.93 81.79 1.37 510 3.18
7 7.98 81. 83 1.37 569 3. 10
Q9 7.97 81.79 1.36A 5.66 3.20
11 T.96 81,74 1.37 5«70 3.20
8 B.36h R1.49 1.30 5.6 7 3.16
10 Bae35 Bl.45 1.30 HeH5 22
12 8.133 R1.51 1.30 5 e hh 17
14 RHolb Hleb2 1.29 S .67 Yo 14
R.14 81.65 1.33 Seth / 3. 17
FEED 8438 R1.34 1.30 5.62 3.33

TABLE C. 12

CALCULATED COMPOSITIONS FOR CALIBRATION
MIXTURE XX

PRODUCT AMALYSIS MOLF %

SAMPL F COMPONENTS

# H20 FTNH FT20 ETAC HOAC
27 4. 65 4,91 Rl.36 4 .88 4. 18
29 4460 4.91 81.41 4486 4.19
31 4o 67 4,93 R1.37 4 .87 4.13
33 4 .87 4.95 Rl.16h 4,87 4.12
26 4,89 44,95 R1.02 4.99 4412
28 4490 4,99 RO.91 4,98 4,20
20 4,96 4,99 AR0.91 5.01 412
34 4.91 4,97 80 .90 5.00 4.20
4.81 4495 Bl.13 4.93 4416

FEED 5.14 5.06 RO .55 5.02 4.21




APPENDEX D
TEMPERATURE MEASUREMENT

.1 Thermocouple Calibration

The temperature of the catalyst bed was measured with an
iron-constantan thermocouple (#74-14) which was referenced to an
ice bath cold junction. The thermocouple was calibrated against a
platinum resistance tﬁermometer over the temperature range of
interest. The temperature was calculated from the thermocouple
output by using the Teast-squares best fit line obtained from the
calibration points. The calibration poiﬁts, the temperature
calculated using the Tincar fit and the témpcrature calculated from
standard tab]e; for iron-constantan thermocouples (17) are presented
~in Table D.1. |

The relationship between Lnermocoup1e output and temperature
was found to be expreséed by the following equation.

Temperature 'Oc) = 18.205 x Output (mV) + 4.1 (D.1)

The average deviation of calculated versus actual temperature was

0.06°C, hence the linear output-temperature relationship was

accurate over ..o temperature range of interest.

D.2 Temperature Profile, Reactor Tube

The Teflon sleeve {see Figure 3.5) was installed in the
reactor tube to limit longitudinal temperature gradients in the

catalyst bed. Measurement of the temperature profile above the
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TABLE D.1

TEMPERATURE MEASUREMENT CALIBRATION

Calculated

Actual Thermocouple Temperature Temperature
Temperature Qutput (Equation D.1) From Tables
(°c) ) (°c) (%)
102.61 5.405 102.52 102.53
102.76 5.420 102.79 102.80
112.47 5.952 112.47 112.56
112.59 5.960 112.62 112.71
122.46 6.503 122.51 122.64
122.71 6.516 122.75 122.87
122.61 6.510 122.64 , 122.76
132.72 7.066 - 132.76 132.89
132.68 /.064 132.72 132.85
132.48 7.042 - 132.33 132.45

142.56 7.603 142.55 142.65



catalyst support screens showed that the temperature was isothermal
within the sleeve section. The measurements were carried out by
moving the thermocouple in the reactbr tube above the support
screens under conditions similar to normal run conditions. Fivé
centimetres of sleeve were in the reactor tube and the Tongitudinal

temperature profile is presented in Table D.2.

TABLE D.2

LONGI TUDINAL TEMPERATURE PROFILE

Distance Above Screen Measured Temperature
(cm) ’ (fg)
3.0 136.0
4.0 136.0
5.0 136.0.
6.0 136.7
7.0 : 138.0
2.0 138.5
9.0 139.2
10.0 140.4
11.0 ‘ 139.8

D.3 Heat Conduction

Heat conduction along tne thermocouple can cause the measured
temperature to be different from the aétua] gas temperature. One
can determine the temperature difference at the end of the thermo-
couple by setting up a heat balance and éo]ving the resulting
differential equation. The gas temperature is changing along the

thermocouple. The scheme is presented in Figure D.1.

1
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The temperature of the gas surrounding the thermocouple is
alvo a function of the distance along the reactor tube. The
temperature profiles are presented in Figure D.2. Referri. j to
Figure D.1., the heat conducted into the differential element dx

minus the heat conducted out is equal to the heat lost by convection.

« " Oray © (T - Tgldx (b.2)

Cquation D.2 can be rowritten in the following form.

-kA dI| + kA dT] = hp(T - Tg)dx (D.3)
dx X dx whdx
Here k = thermal conductivity 1g the thermocouple
A = cross scectional area of the thermocouple available

for heat transfer

h

I

convective heat transfer coefficient

p = circumference of the thermocouple
The temperature in equation D.3 can be replaced with an

effective temperature, Te, which is defined according to equation D.4.

Te = T + (TQO - Tg) : (D.4)

Sub. .ituting this definition of temperature into equation D.3 and

rearranging results in the following equation

dre + dTg)l - (dTe + dTqy| 3. oo
e [(42 dX)L+dx (G2 S| 1= hp(Te - Tgy)dx

(D.5)



With M2 = hp/kA, cquation D.5 can be expressed as follows.

2 2.
d°Te  d"Tg _ 2/ 1., .
WH;Z,; T (Te - Tgo) | (D.€)

One can now assume a temperature profile for the gas stream
to be an exponential tempgrature drop and the fir i and second

‘emperature can be defined.

derivatives of the gas
J

—
_ ) -J, X
Ty = Tg v 0ye™2 (0.7)
dTg _ )9 o 792X (D.8)
dx ‘
\ 2
A°Tq _ 370,52 -Jd X (D.9)
T 1V2%772
X

Q

Letting Y = Te - Tgy = T - Tg e uation D.6 is written according to
g 0 q

the following equation.

2y Yy -0, fee (D.10)

The particular solution of D.10 is Yp = J e 2% where

— : ‘ ’)
J = —J]JZZ/(JZL—MZ) The general solution is

] (D.11)

Yg = cle™ 4+ coe M

Therefore the solution of equation D.10 is as fd]]ows.

v o= ™y coe ™ 4 JedoX (0.12)
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The two boundary conditions given below apply

at x -0, Y = T, - TQO

0
at x =1, -k dT = h (T - Tgp)
dx|
x=L
Here hL is the convective heat transfer coefficiont and the substript

L refer to temperatures at the end of the thermocouple.

One can then solve for C] and C?.

[-(TO-TgO)(c3-1)e"ML]+[J(c3—1)e‘”LJ-[(caj_C4)e‘J2L]

C ] = e i i+ s s rm e e — ey —_ [ —— —_—————
?(cosh ML + C3sinh ML)
(D.13)
R N R A |
o {(TO-TqO)(c%f1)e ]lEJ(L3P])C gifffff:ffjf 2]
2(cosh ML + C”=inh ML)
(D.14)

where TO = thermocouple temperature at x = o

C3 = h/kH

C4 = (JZI_]/,M

[f the sccond derivative of the gas temperature is zero (in
this case when J2 = 0), the solution corresponds to the solution for
heat transfer from an extended fin of uniform cross-section (10)
(Note: the temperature substitution of equation D.4 still holds).
The solution for the simpler problem (10) is |

(T -Tq ){cosh M(L-x) + C3sinh :(1-x)) (D.15)
cosh ML + C3sinh ML

Y =
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The temperature profiles for a number ot combinations of heat
transfer parameters and gas temperature profiles were calculated.
One such case is explained here.  The thermocouple section was

Ry . -~ ~ - ¢ I'O
taken to be 4 cm long and the gas temperature drop was set at 9.5°C
over the interval (the gas temperature profile was calculated
according to equation D.7). At the start of the interval the

Oq 4.
temperature of the thermocouple was a.sumed to be 107°C higher
than the gas temperature. The following pareriters were used for
the calculations:
k = 62.4 kJ/m K hr
-6 2
A= 1.98x10 " m

h = 614 ka/n° K hr

=
t

205 kJ/m2 K hr_ R

4.95x1073 m

=
it

With the above assumptions and parameters the temperature difference

(1, - TgL) at the tip of the thermocouple was calculat>d to be

L
0.23°¢ using equation D.12. Using equation L.15 the calculated

tenperature difference was 0.03%. i

The calculation described above was conservative for a
number of reasons. ‘One assumption wa$ that the thermal conductivity
- of the entire cross-sectional area was equal to that of stainless
steel. In fact a large portion of the thermocouple probe is
insulation which is covered with a stainless steel sheath and thus
the actual thermal conductivity is less than the value used

(as k-0, T+Tg). The gas tererature drop along the section of

thermocouple was assumed to be 9.5%C but it was actually
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approximately XGC (4 cw temperature drop = 139.2 - 136.0 - 3.20C,
see Table D.2). With a smaller gas temperature drop (and a nearly
Tinear profile) the calculatod thermocouple tip temperature would
approach the gas temperature even closer than was indicated in the
exan e calculation.  Thus the temperature indicated by the

thermocouple (as measured at the tip) is probably within 0.19¢ of

the actual gas temperature during normal operation of the system.

—~

e

g



APPENDIX E
CATAL 7 CHARGES

The purpose o. this appendix is to provide details concerning
the actual amounts of catalyst used for the experimental runs. The
individual charges Tisted in Tables L.1 and £.2 were prepared from
Dowex HGR-W (H+) cation exchange resin according to the procedures ///
presented in section 4.1. The 1Qng term storage of the catalyst in
individual capped vials did not cause any deterioration of the
catalyst. The resulls of later dehydration runs (with catalyst stored
for over 7 nenchs) are consistant with earlier runs using different
catalyst cherges,

Table E.3 is a Tisting of the runs carried out with various
charges of catalyst. The physical cclour of the caté]yst after
cortact with acetic acid was different from the colour of the fresh
catalyst {golden yellow). Charges of catalyst exposed only to
othanol and denydration products retained the colour of the fresh
catalyst. Catalyst exposed to hidh temperatures (>]5006) for extended

periods of time became black and did not regain the colour of fresh

resin.
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TABLE
PBATCH 1 CATALYSI
Vial Mass
Charge tet/Gross
Number )
1 9.70064
9.4936
2 9.3052
9.1457
3 9.3521
9.1844
4 9.4632
9.1362
5 J.4571
9.3.04
6 9.2231
9.1551
7 3.9508
9.1703

LEATGES

Total Charge
Mass

RC) N

0.2128

0.1595

0.1677

£.3270

Moisture determination

of vial emply
after vacuum hez

Cone <Zry fraction of t

1155
Hass before vacuum hoo
Mass ‘jng

for Batch 1 charges

Ling

chal omacs

19.7800
21.3515
20,9733
ma.s of bone dry catalyst
mass of "wet' catalyst
(20.9733-19.7800) g
(21.35515-19.7600) g
Y1933 O 4
TE75 0.759

)
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IABLE E.2

BATCH 2 CATALYST CHARGES

Vial Mass ’ Total Charge
Charge Net/Gross Mass
Number - A,_ﬁ_uﬁﬂ)__,‘“k_,,_,,__‘4__,_%£ﬂ)____W~
1 5.4428
4.7765 0.6663
2 4.9742
4.7350 0.2392
3 4.9542
4.6782 0.2760
4 5.3389
4.6767 0.6622
5 5.2878
4.5545 - 0.4333
6 5.1350
4.8336 0.3014

Moisture determination for Batch 2 charges

Mass of vial 2mpty - 19.7840 ¢g
Mass before vacuum heating -21.4338 g
Mass after vacuum heating -21.1003 g

mass of hone dry catalyst
mass of "wet" catalyst
(21.1002-19.7840)
(271.4°38-19.7840) g

1.3163 _
T 6498 ~ 0.798

Bore dry frac:ior of total mass

80.0%

1
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TABLE t.

CATALYST CHARGES USED FOR EXPERIMENTAL RUNS

Catalyst
Qﬁgﬁﬂgﬁf Batch Runs
4 \ 1 I, II
1 and 7 1 | Irr, v, v
1 2 VI
4 2 VII, VIII, IX, X, XI
3 2 XIT, X1.1, XTIV, XV, XVI

EI tirrough EVI

b 2 XVIL, EVII



APPENDIX F
SYRINGE PUMP CALIBRATIONS

The calibration points for various conbinations of pumps,
ranges and syringes are listed in Table F.1. The experimental method
used for calivrating fhe pumps 15 gfven in section 4.2. For the
calibration points the density of water was between 0.997 and 0.998
gcm-3 at the ambient temperature during calibrations.

The two syringes used were so similar that calibration points
from each fell on the same line. Hence the syringos weoo nssentially
interchargeable.

The experimental noints (the thiree calibrat’ 1ists of
Table F.1) were fit to straight lines (Equations F.1 to F.6 Table F.2)
with least-squares fitting routines. The eqhations of the resulting
lines along with the standard deviations of the fitting are presented
lin Table F.2. The calibration points and the fitting lines are
vp]otted in Figures F.1, F.2 and F.3

The calibration did not change with time. This is
substantiated by the fact that some of the calibration points (Table
F.1: e.g. the last 50%/1000 point and the last two 1/100 range points)

were taken over 6 montns later than previous points in the same

columns.
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TABLE F.1

SYRINGE PUMP CALIBRATION POINTS

124

Pump 355 Pump 355 Pump 352
Range 1/1000 Ranye 1/100 Range 50 ml
Setting Flow Rate Setting Flow Rate Sottln? Flow Rate

(%) (ml/min) () (in1/min) (ml/hr)’  (ml/min)
Syringe #1 Syringe #1 Syringe #2

10. 0.00857 50. 0.4267 0.60 0.01113

20. 0.0166 20. 0.1620 0.15 0.003011
4. 0.00322 70. 0.6030 0.30 0.005108

30. 0.0255 10. 0.0774 2.0 0.0346
7. 0.005488 10. 0.07935 1.0 0.01784

40. 0.03486 80. 0.6798 6.0 " 0.10623

15. 0.01257 30. 0.2524 4.0 0.07104

50. - 0.042205 90. 0.7738 15.0 0.259

25.° 0.02183 40. 0.33325

60. 0.05047 60. 0.5172

35. 0.0299

70. 0.05997 Syringe #2

39. 0.0324

80. 0.06944 25. 0.2109

24. 0.0195 75. 0.6433

90. 0.0761

45, 0.03673

100. 0.0341

55. 0.0458

65 0.0532

75 0.0625

65 0.05622

85 0.07268

95 0.08046

50. 0.04256

1 }
nominal value
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SETTING

~ O—SCALES X | 2
O~ SCALES X 10
14|

1.0]- - 0
0.8l /
/4; EQUATION F.5

C.6}- D

04} /O
&
0.2 I]/ '
. | \;
- g |
9] | | | ] 1 1

(0] 0.005 0.010 00I5 0020 0025 0030
FLOW RATE (mi/min)

FIGURE F3: CALIBRATION POINTS |
MODEL 353 PUMP, 50mlI RANGE
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APPENDIX G
EQUIPMENT OPERATION

This appendix is supplemental to the informalion presented
in Chapter Four. Normal operation during kinetic runs involved
setting the voltage inputs to the sy;tem heaters as described in
Sectirn 4.7.1. Some of the system healers were not designed for
voltages beyond certain maximums. Thesc maximum heater inputs are

given in Table G.1.

TABLE G.1

MAXIMUM VOLTAGE SETTINGS FOR HEATERS

Variac Haximum
Heater Normally Input
Description Used (V)
Feed Blcock Heater ] 20
Oven Heater . 2 120
Reactor Heater 3 4
Reactor Fostheater 4 A
Interheater (Oven-G.C.) 5 20
Pre-Feed Line Heater - 40

Good temperature control of the catalyst bed section of the

- reactor was achieved when DDC Toop JE92, which controlled the

preheater, was run as a proportional plus incegral action controller h

and DDC Toop 0E94 regulating the cooling air control valve was in
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the proportion control mode only (during kinetic runs loop 0E94
was used in the manual mode of operation with a constant output of
about 30%). At the sctpoint temperature the control signal from
loop 094 was normally set at 30%. DOC loop 096 controlled the
solenoid valve on the cooling air line but thiw on/off controller
was not normally used. The solenoid valve was avai]ab]é for the
implementation of large, quick drops in reactor temperature. The
DDC loops used during this work are presented in Table G.2. An
explanation of‘the information summarized in these loop records

is available clsewhere (2).

Included in Table G.2 are 3 other DDC Toops which were not
used during kinetic runs but which were designed and used during
the course of this work. Loop 0C01 is a reverse data acquisition
Toop wnich was used to send a programmed setpoint to temperature
control loop 0FY2. Leops OE02 ond 0EO3 are data acq-isition loops
which were available to record the setpoint temperature and
measured temperature from loop 0E92. Ve

Actual operation of the equipment during kinetic runs
involved sending the signal from the upper reactor thermocouple
(referenced to an ice bath) to analog input point 173 for digitization.
The digitized measurement signal was then used by DDC loop 0E92
(loops OE94 and 0E96 also used the came measurement signal) as the
measured temperature for contTol purposes and this temperature
could be printed out on the teletype upon (equest‘ The detector
signal from the G.C. was digitized via analog inpit point 160 and
this information was available for use by the G.C. peckage on the

IBM 1800 computer.
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One problem encountered during this work was that sometimes
the DOC Toops contrulling the reactor tempecature received an
erroncous, low temperature measurement stgnal tor a bricef period of
time.  This occurrcd -luring Tevel steady state temperature controlled
operation (as monite-«d by the lower reactor thermocouple) and the\
resulting control action causcd the catalyst bed temperature to rise
guick]y. By the time the measuranent signal to the control Toop

\veturnvd to its corfwctod value the catalyst batch was heated beyond

'

5 maximum operating temperature. The cause of these brief Tapses
ir temporatufc measurement were never determined (one possible cause
was interference from the pilot plant evaporator unit located next
to the reactor system) but the problem was overcomé by limiting
the control signal wiich couid be sent to the cur: * to volitage
é;nverter. “The input of heat via the reactor preheater was thus
Timited to a specified maximum.

Arother problem encountered during operation of the equipment
was intorference with the G.C. detector signal (this signal was
sent to the computer). Sharp ¢ sps in the 5.C. signal were caused
by the operation of a constant temperature bath which was Qsed in
conjunction with adjacent equipment. This temperature bath was then

p]ugged into a different set of electrical outlet boxes and the

om did not recur.

2



APPENDIX H
FECD AND G. C. CALIBRATION MIXTURES

Feed mixtures of various compositions were prepared for
150 during reaction studies and G. C. calibration. The feed
preparation pfocedure was described in Section 4.4, Table H.1 lists
the compositions of the variods focd mixtures used for Finetic
studies. Some of the campositions listed were not actually
propared but wore the calculated feed compositions when two feed
suringes were used. Table H.2 lists the compositions of mixtures

used for G. €. celibration.



Code Food Mivture
or Pims for

Holo Caleculated o od

L S e e d

1“3 FToN
2 HOAC

X1

Co

4 XX
500 NXXIL

b KXY
;X

0 £1-1, C11-2

9 EL-2, fI1-3

10 t1-3, £I1-4
1T £1-4, EI1-]
12t eve, eyifl
13 Civ, EV

14 vl

TASLE H.

|

FEED MIXTUFES

7.49

99.847

65.28

/6

/8.

75 .

.95

44

18

21.43

24,63

Densii
HOAC (g/ml)
0.791
99.17 1.044
34.2¢ 0.878
0,817
0.766
0.762
0,800
10,32 -
80.06 -
52.54 -
50.82 -
49.99 -
47,47 -

]Caicu?ated from the rate and compositions of *wo

TH.1.T12 and XXXV are identical feeds .,

syringes.
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Calibration
CMixtu
I
[l
[
VITI
[X
X
XL
XTI
XTI
X1V
Xy
XVI
XVil
XV
XIX
XX
Xalid
XXTV
XXV
XAVI
AXIX
XXX
HZO
ETOH
ETZO
tTAC
H0AC

Y

G.

4.
20.

(OS]

O~ O

o O O o o O

100.

o O o o

842
370

.105
.25

C.

TAGLE H.2

CALTBRATION MIXTURES

Mass 9

LTOr
81.348
21.588
£.083
38,12
64.94
43.61
23.40
95.01
20,58
23.77
69.024
29.121
50.079
19,780
77,865
3.336
57.160
99.0M41
32.686
32.620
97.46
95.496
99.94
0.01
0.147

1,0

4

— QO O ™
(%} ~d
P o
(@2 -_—

— N
Py
o
no

ETAC

1.901
18.153
23.223

9.716
27.387
13.028
40.452
10.570

6.333

66.792
66.166

0.15
99.618

HOAC

4.645
20.837

2.901

14.331
33.093
163
.805
.276
.620

LW =m N W

0.087
0.086

0.13
99.75
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APPENDIX 1
. DEHYDRATION RUNS

A summary of all the dehydration runs is presented in this
appendix.  Information about each run 1s-given in tabuiar form
(Tables 1.1 through 1.41). Multiple samples were taken for each
steady state kinetic run and these are given to show the degree of
reproducibility.  The comp ions do not necessarily add up to
1007 since the computer which produced the tables truncates when
printing out values.

fach table includes the run number, the date on which the
Fun vas conducted, temperature, pressure and the catalyst mass (bone
dry). In cases where the catalyst was exposed to acetic acid, the
eftective mass of the catalyst is also given (see Appendix L). The
details of the sviinae pump settinmg and calculated feed rate are
listed. The product analysis for each sample, the average product

analysis and the feed comoosition are then prosented.

N Civen the information explained in the above paragraph it

N

was possible to calculate conversions and rates. The following

sample calculation is for Run VII-4 (Table 1.16). The basis is 100

moles cf ~» synbe? . followed by a component refers to
]

the moles sanent “r the onduct minus the moles of the

component . b . ~~~ion . calculated in the

following way.
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Xy = Q(A[T?O)]OO/FTOH,in

= 2(10.41-0.0)100/99.84 - 20.85% (r.m

The dehydration ~ate is now calculated by using equation 2.3.

ry - 3.62x]0_4(0.9984)(0.2085)/0.5297

= l.42x10_4 moles/(min g cat.) (1.2)

This rate is based on the reactor operating at steady state
and an indication of the reliability of the data is a "mass" balance.
One form of the mass balance is to calculate the moles of wthanol
from the product composition and conversion and compare this to the

amount of cthanol in the feed. The calcuiation is as follows:

ETOH,e = Z(AET?O) + LTOH,out

= 2(10.41-0.0) + 78.63 = 99.45 moles (1.3)

The symbol e designates the estimated value. The "excess cthanol"

is then calculated in the equation given below

Excess Ethanol = (ETOH,e-ETOH,in)100/ETOM ,in

H

(99.45-99.84)100/99.84 = 0.39% (I.4)

[n the same way the "excess water" is calculated by comparing the

actual profuct water composition with the estimated composition

HZO,e = (A[“AG) + HZO’ in

(10.4.-0.0) 0.15 = 10.56 moles (I.5)



Therefore the "excess water" s

Excess Water %.(H?O,out-HOO,e)]OO/HZO,e

= (10.95-10.56)100/10.56 = 3.7% (1.6)

Another way to evaluate the consistency of the product
analysis is to estimate the moles of hvihrogen, oxygen and carbon
in the product (on the basis of 100 moles feequand compare w%th
the number of moles of these elements in the feed. The moles of
hydrogen, oxygen and water in the feed for Run VII-4 are give.

below.

Hyin = 2(11,0,1n)+6(ETOH, in) +10(ET,0,1n)

= 2(0.15)46(99.84)+10(0.0)

= 599.34 o (1.7)
0,in = 1(H,0,in) +1(ETON, in)+1(ET,0,1n)

= 1(0.15)+1(89.84)+1(0.0)

- 99.99 (1.8)

C,in = O(H O,in)+2(ETOH,in)+4(ET20,in)

2
= 0+2(99.84)+4(0.0)

= 199.68 v

In an analagous fashion the moles of each of these elements

in the product can be calculated.

H,out = 2(10.95)+6(78.63)+10(10.471)

597.78 (1.10)

i
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0,out = 1(10.95)+1(78.63)+1(10.41)
= 99 .99 ' (1.11)

C,out = 0+2(78.63)+4(10.41)

= 198.90 , (1.12)

The hydrogen, water and carbon balance in Table ©.1b are calculated

below.
Hydrogen Balance = (aH)100/H, in '
= (=1.56)100/599.34 = 0.26% (1.13)
Oxygen Balance = (1A0)100/0,in
= (0.0)100/99.99 = 0.00% (1.14)
Carbon Balance = (2()100/C,in
= (-0.78)100/109.¢8 = ~0.397 (1.15)
A number of dehydration runs were less reliable for a
variety of mwasons. These " :jected" runs, allhough excluded from

the ana]ysi§ carried out in Chapter Five, are included in this
appendix and are listed in Table 1.42 along with an explanation of
why they were not used. The final dehydration model fit the rate
data for the 11 rejected runs with a TAD of 14.73%; thus even for
the less reliable results the model yielded a reasonable prediction

of the rate.



TABLE 1.1
EXPERIMENTAL RUN Ir-1
DATE CONDUCTED 10/ 57176
RUN TEMPERATURE=  110.0 DFG.C i
RUN PRESSURE =  701.6 MMHG =0,9206 ATM = 93.2 KPA

CAT ALYST  MASS = 0.526% 6

SYRINGE  FEED RATE RANGF ML/MIN G/MIN  DENST (Y
# G /ML
1 FTOH 100,00 1/1000 0.8473FE=01 0,6TU2F-01  0.791
AVERAGE MOLL. WT = 45,95 G/MOLE

TOT AL FEED RATE = 0.14586-02 MOLES/MIN

PRODUCT ANALYSIS MOLE R

SAMPL B CUMPONENTS
i H20) FTOH FT20
14 N.9% 98 .39 Oebb
15 ) eI G, 36 063
16 N.96 a8, 37 065
17 (o 6y, 37 0 .66
18 ’ 0.97 » 98.38 0.63
19 .04 an L2 7 0.61
20 0,95 RIS | D63
21 0,92 OR L 46 0.61
22 0.91 - 98.45 0.62
273 0.9% aR L, 41 .63
20 0.98 an .37 0.63
25 1.01 ag ., 31 .66
26 0.56 AR . 3% 0.67
0.96 98 .38 0.64
D 0.15 ne, 84 0. 00
REACTION - THANOL RATE®10%%5
| CONVERSTON MOLEFS/
b4 (MIN®G CAT. )
DEHYDRATION 1.29 3.587
BALANCFES
EXCESS FTHANOL FXCFSS WATER
~0.16 % 21.03 X
HYNDROGEN NX YGEN CARBON

~-0.,11 ¥ -N.00 % _ -0.16 %
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TABLE 1.2
FXPERIMENTAL RUN [rr- 2
DATE CONDUCTED 10/ /776
RUN TEMPERATURFE - 110.0 DFG.C
RUIN PRESSURE=  701.6 MMHG =0,.9206 ATM = 93.2 KPA
CATALYST MASS - 0.526% G
SYRINGE  FEED RATH RANGE ML/MIN G/MIN  DENSTTY
# G /ML
1 FTOH 30.00 171000 0.2526-01 0.1998t-01 0.791
AVERAGE MO, WT = 45,95 G/MOLE

TOTAL FEED RATE = 0.4349F-03 MOLES/MIN

PRODUCT ANALYSITS MOLE X

SAMPLE COMPONENTS

# H20 FTOH £T20 .

37 2.50 . 95.14 2.35%

38 2,54  94.92 . 2.53

39 2.59 94,95 2 .44

40 2.57  94.94 2.52

41 759 Q4,96 2ol

47 4 2.58  94.91 2.49

43 2. 66 94.88 2.46

hi 2.59 946,94 245

45 2.63 95,04 2.31

46 2.60 94,03 2.45

47 2.67 94,94 2.38

48 2.6l 94,92 2.45

2.59 94,96 2eltth
FEED 0.15  99.84 0.00
REACTION ETHANOL RATES10%%5
CONVERSTON MOLES/
7 (MIN%G CAT.)
NEHYDRATION 4.89 4.036
BALANGFS
EXCESS FTHANOL EXCESS WATER
0.00 % N.04 %
HYDROGEN AY Y© N CARBON

0.00 % -0.00 % 0.00 %
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TABLE 1,3
EXPERITMENTAL RUN I[11- 3
DATE CONDUCTED 10/ /76
RUN TEMDERATUIRYE - 110,00 DFEGLC

93.2 KPA

1

[NERIN PRESSURE (O01.6 MMHG =0.9206 ATM
CAt e YST MASS = 0.5265% 6

I

SYRINGE  FLED RATE  RANGE  ML/MIN G/MIN  DENSTTY

# G/
1 FTOH 50,00 171000 0.4225t-01 0.33426~-01 0.791
AVERAGE MOL, WT = 45,95 G/MOLE

TOTAL FEED RATE = 0.7273F-03% MOLES/MIN

PRODUCT ANALYSIS MOLF %

SAMPLE COMPONENTS
f H20 £T0H FT20
59 1.42 96.73 1.43
60 1.84 96.71 lettth
61 1.80 Q6 82 1.36
()2 1.80 ()().7() 1.10‘()
63 1.8% Q6 o 66 1.47
6H4H 1.80 96,71 la 7
65 1.77  96.72 1.50
66 1.81 9666 1.51
1.81 ()6a72 lolf()
FEED 0.15 99,84 0.00
REAC TION ETHANOL RATE® 1085
CONVER S TON MOLES/
- b3 (MIN%G CAT. )
DEHYDRATION 2.93 4, 048
RALANCES
EXCESS ETHANOL EXCESS WATER
-0.19 % 12.19 %
HY DRNGAN (X YGEN CARBON

-0.13 % -0.,00 % o -0.19 %
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TABLE T.4

EXPERIMENTAL RUN [{i- 4
DATE CONDUCTEN 1O/ 6/16
RUN TEMPERATURE - 11040 DFEGL.C
RUIN PRESSURE=  700.% MMHIG =0.9310 ATM =  94.3 KPA
CATALYST MASS - 0.5265 G
SYRINGE FEED RATE RANGE ML/MIN G/MIN  DENSITY
t G /ML
1 FTOH 12,00 171000 0,.99761 ~02 0.7891+-02 0.791
AVERAGE MNDL. WT = 45,95 G/MOLE

TOTAL FEULD RATE = 0. 1717F-03 MOLES/MIN

PRODUCT ANALYSIS MOILFE %

SAMPLE ‘ COMPONENTS
# H20) L ETOH FT20
54 . 5,13 89,94 4491
55 5.05 90,21 4,12
56 5.15 89,81 5.02
57 5.02  90.18 4.79
58 5. 18 19.92 4,88
59 S.09 90,2 4,68
60 5.1% RO, 94 4. 87
5.12 60.03 4 .84
FEED 0.15  99.84  0.00
REAC TION FTHANOL RATE*LO%%S
CONVERSION MOLES/
% (MIN%G CAT.)
DEHYDRAT TON . 9.69 3.158
PALANCFS
FXCESS ETHANOL FXCESS NATER .
-0.12 % 2.55 %
HYDRNGFN NXY GEN CARBON

-0.08 % ~-N.00 % -0.12 %
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TABLE 1.5
FXPERIMENTAL RUN [Vv- 1
DATE CONPDUCTED 10/ 67176

RUN TEHPIRATURFE - 135.0 PEG.C
RUIN PRESSURE -~ 709,5 MMHEG =0,9310 ATM = 94 .3 KPA
CATALYST  HMASS -~ 0.%26% 6

SYRINGE  FEED RATF RANGE ML/MIN G/MIN  DENSITY
it G/ ML
1 - TNH 0,00 1/1000 0.7624E-01 0.60306-01 0,791
AVERAGE MO, WT = 45,95 G/MOLFE

TUT AL FEED RATE = O,1312F-02 MOLES/MIN

PRODUCT ANALYSTS MOLE %

SAMPL COMPINENTS
# H20 FTOH £T20
82, 44,07 ar.17 3.74
83 3.97 92,41 3.61
84 4,07 an,22 3.69
89 3.89 Q2.61 3.49
86 4.07 97.22 3.70
4,01 92433 3.65
FEED 0.15 A9, B4 0.00
REACTION FTHANOL RATE 10%%4
CONVERSTON MOLES/
2 (MIN=G CAT. )
DEHYDRATINN 7.31 1.819
BALANCES
FXCESS ETHANOL FXCESS WATER
-0.21 % 5.61 %
HYDROGEN OX YGEN CARBON

-0.14 % -0.00 % ~0.21 %
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TABLE 1.6
FXOFTRIMENTAL RUN [v—- 2
NATE CONDUCTED 10/ 6776
RUIN TEMPERATURE =~ 135,0 DIEG,C
RUN . PRESSURE=  709.5 MMHG =z0.9310 ATM = 94,3 KPA

CATALYST MASS = 0.%5265 6

CVRINGEF  FEED RATE RAN(3F ML/M.N G/MIN  DENSTIY
# . G /ML
1 - T 40,00 171000 0.3376F~-01 0.2670¢-01 0,791
AVERAGE MOL, WT = 45095 GeMaLE

TOTAL FEFED RATE = 0,58 L1 -0

<&«
PROPUCT ANALYSITS MOLE %

SAMPLF COMPONENTS -
# . H20 ETOH o
o O -
b 696 36,29 6.732 .
2 TotY 85,28 7.25 '
3 7.11 B86.03 B4
4 Te40 85,35 .23
5 7413 86.00 O e 89
b 7.56 e, 09 {e34
7 14273 RS, 70 {05
7.26 RS.68 7 .04
FoED 0.15 99, 84 0.00
REAC TION FTHANOL RATEX1Qx%4
TONVERSTNON MOLES/
¥ (MIN=G CAT.)
DEHYDRATION S l4.1 1.559
BALANCFS .
FXCFSS PTHANOL FXCFSS WATER
-0.06 % N.97 %
HYDROGFEN OXY GEN CARBON

-0.04 % ' -0,00 % 1.06 %
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TABLE 1.7
FXPERIMEMTAL RUN Iv- 3
DATE CONNUCTED 107 7/76
RUN TEMPERATURE-  13%,0 NDFEG.C . ,
RUN PRESSURFE = 699,5 MMHG =0.9178 ATM = 93,0 KPA
CATALYST MASS = 0.5265 6
SYRINGF  FEFD RATF RANGE ML/MIN G/MIN DENSITY
1 _ G/ML
1 FTOH 60,00 171000 0.5075F-01 0.40L4F-01 0.791

1]

45,95 G/MOLE

AVERAGE MOL, WT .
0.8735+F-03 MOLFS/MIN

TOT Al FEED RATE

il

PRODUCT ANALYSTS MOLE %

SAMPL E COMPOINENTS
# HZ2) FTOH £T20
13 534 89,54 5.11
14’ %046 R{)~?7 5025
15 Se 34 89.51 5.13
16 5.51 89,12 5.35
17 5424 R9,T3 501
18 5.50  89.27 5.22
19 S.36 89.61 5.02"
‘20 5.51 89,21 5.26
21 5.31 89.56 50.12
22 547 89,31 5«21
5440 89.41 Se17
FEED 0.15 99 84 0.00
REAC TION ETHAMOL RATE=10%=%4
CONVERSION MOLES/
4 (MIN=G CAT.)
DEHYDRAT ION 10.36 1.716
“ALANCES
FXCESS ETHANOL EXCESS WATER
~0.08 % 1.5 %
HYDRNGEN . NXY GEN CARBON

~0.05 % -0.,00 % -0.08 %
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TARLE 1.8
EXPERIMENTAL RUN V- 4
ODATE CONDUCTED 10/ 71/716
RUN TEMPFRATURE - 135.0 NDFG.C
RUIN POESSURE= 6091 MMHG 20,9173 A'M = 92.9 KPA
CATALYS T NMASS - 0.5265 G
SYRINGF  FEED RATE RANGE ML /MIN G/MIN  DENSITY
# , G /ML
1 £ TOH 30,00 177000 0,25 46-01 0.1998E-01 0.79]

CAVERAGE MO, WT = 45,95 G/MOL.
TOV NS FEED RATE = 0.4349F-03 MOLES/MIN

PRODUCT ANALYSIS MOLF %

SAMPL E COM INENTS e
# H20 ETOH £T20 3
40 8.88 82.71 8.40 v »
41 8.664 #2.83 8.51
42 9.10 872.15 8.74
473 Bd67 82.70 8.62
44 9,10 82.05 8,84
8.88 82.49 8.62
FEFD 0.15 Q9, 8 0.00
REAC TION FTHANOL RATE=10%%4
: COMVERSTON MOLES/
o : z (MIN=G CAT. )
DEHYDRATION 17.27 1.424
BALANCES
EXCESS ETHANOL FXCESS WATER
-0.10 % 1.20 %
HYDRNGF N NX YGEN * - CARBON
~0.07 % -0.00 % 0.10 %

”~

E
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TABLE 1.9

EXPERTMOMNTAL RUN [v-~ 56
DATE COMDUCTED 1O/ 13/ 76
RUIEY TEMPIRATUHR Y — 1 35,0 DEGL(
I PRESSURE = 60303 MMHG <0 1097 ATM = 92 0 KPA
CATALYSI MASS — D.%26% 6
SYR INCGY FtED RAT¢ RANGY ML /MIN G/MIN  DENMSTTY
# (/ML
1 FTOH 40,00 171000 0. 3576=01 0.2670F-01 0.791
AVE R ACE MO, WT = 449 9% G/MOLE
TOTAL FEED RATE = 0.58110~073% MOL./MIN

PRODUCT ANALYSTS MOLE

SAMPLLE COMPONENTS
#o H20 ETOH ET20
59 ISy 86,99 Ae39
6H0O 79 RS A 605
61 ) R71.87 5.90
62 bol? "ay L 81 A
63 650 L 6 e?0
6HG 6. 68 86, 84 Helt b
6,59 £7,09 6431
FEED 0.15 Q9, 84 0. 00
RPEACTION FTHANO RATE=10Q%%4
COTIER STOM MOLFS/
o E ;4 (MIN=G CAT. )
DEHYDRATION 12465 1.394
BAIANGES v
EXCESS FTHANOL. ©°  FXCESS WATER ¢
=N.12 K. 1.89 %
HYNROGEN - OX YGEN CARBON
-0.08 2 -0.00 % 0012 %
L A
C A
.. ) w



TABLE T.10

EXPERIMENTAL

batt CONDUCTEN

L 0.00 %

RUIN V-1

1L0/12/776

RUN TEMPERATUHIRE 170.0 NDEGLC »>
RN PRESSUIRYE - {69 MMIG =0.9276 ATM 93.9 KPA
CATALYST  MASS = 0.5765 6
SYRINGE 1T EED RATF RANGE ML/MIN G/MIN  DENSTTY
# G /ML
1 ETOH 30,00 171000 0.2576E=01 0.1998F-01  0.791
AVERAGE MOLL WY = 45,95 G/MOLE
TOVAL FEEDN RATE = 0.4349F=01% MOLES/MIN
PRODUCT ANMALYSIS MOLE %
SAMPL E COMPONENTS
# | H20 £TOH ET20
21 4.6 91,69 4013
22 4,29 91,562 4,17
23 - 4,22 91,71 4 .05
25 4430 91.57 4,11
2()\ : Ly R4 Q1.21 4 o473
27 4,28 91.56 4,15
28 Ho 47 91.32 4.25
29 4,76 Ql1.79 3,94
30 o 30 91.62 4,06
29 91.56 4414
FEED 5 99,84 0.00
REAC TION ETHANOL RATE*=10%*5
CONVERSION MOLES/
¥ . (MIN#G CAT.)
DEHYDRAT I ON 8.30 6.851
BALANCES
CEXCESS ETHANOL FXCESS WATER
L0500%% -0.13 %
. H¥DRNGFEN XY GEN CARBON
-0.00 % 0.00 %
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TABLE T.11

EXPERIMENTAL RUN V- 2
DATE CONDUCTED . - . 10/ 13 /76
RUNS TEMPERATURE=  120.0 NEG.LC
KIVN PRESSURE = 693.3 MMHG =0.9097 ATM

CAVAL YST  MASS = 0.526% 6

2.1 KPA

SYRINGE  FEED RATE RANCt ML/MIN

#

1 t TOH 45,00 171000 0.3801F-01 0.30061-01
AVERAL G MOL, WT = 4t , 95 G/MOLE
TilTghe, FFED RATE = 0.65400 =03 MOFES/MIN

PRUDUCT ANALYSTS ™ML F %

SAMPLE COMPY NENT S _
;- CH20 t TOu ET20
40 PR 94,38 2.71
41 2 .90 Ch o 4% 2e63
“42 3.01 ©4,19 2.78
473 3,01 94,13 2 .85
A 3,07 94,08 2.89
44 3,00 94,23 2.76
G4h 3.05 94,14 C 2.80
2.98 94,23 2.77
FEED 0.15 99, 84 0.00
REACTION ETHANOL CTER1Q%%5
CONVFRSION MOLES/
4 (MIN%®G CAT, )
NEHYDRATINN 5.56 654902
BA' ANCES
FXCESS ETHAND EXCESS WATER
-0.05 % 1.99 ¥
HYDROGEN < NXYGEN

-0.03 % -0.00 %



TASLE

EXPERIMENTAL RUN
DATE CONDUCTED

RUN TEMPERATURFE=  135.0 DEG.C

RUIN PRESSURF= 702.4 MMHG
CATALYST MASS - 0.5330 G
SYRINGF RATE RANGE
#
1 FTOH 25.00 171000

AVERAGE MOL, WT =
P AL

PROOUCT ANALYSIS MOLE %

[.12

vi- 1
10725776

0.9 7 AT 93.3 KPA
G/MIN  DENSITY

G /ML
0.210. =01 0.1662E-01 0.791

45,95 G/MOLFE
FEED RATE ~ 0,.3618=-03 MOLES/MIN

SAMPL - COMPONENTS
# H20 ETOH £T20
s 9.95 RO.10 9.94
26 : 10,42 719.39 10,17
2 10,06 79.95 9.97
28 1. 39 79.72 9.88
29 Al 79.67 « 10.11
30 AN 79.32 10.11
31 10.11 79.89 9.99 >
a2 10.57 79,24 10.17
10.28 79.66 10. 04
FEED 0.15 99, 2% 0.00
REAC TION FTHANOL RATE10%%x4 ’
CONVERSTON MOLFES/
;4 (MIN%G CAT.)
DEHYDRATION 20.12 1.363

BALAMCES

FXCESS ETHA L

-n.ng = N.86 %
HYNRNOGEN AXYGEN
~0.05 % -0.00 %

FXCESS WATER

CARBON
-0.08 %

151
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TABLE [.13
EXPERIAENTAL RUN vIili- 1
DATE CONDUCTED 10727776

DN TEMP Y RATURE - 13%.0 DFG.C
RUIN PRESSURE = 694,85 MMHG =0,9113 ATM = 92.3) KPA
CATALYST MASS = 0.%297 G

SYRINGE FEED RATF RANGE ML /MIN G/7MIN  DENSITTY
H G /M
1 ‘ b TOH 2H.00 171000 0.21028-01 0.1667+-01 0.791
AVIRAGE MOL . WT = 45,95 G/MOLE

TOTAL FEED RATE = 0.36186-03 MOLES/MIN

PROPUCT ANALYSTS MOLE %
.

SAMPLE CUMPONENTS
# H2(0 FTOH FT20
15 10,56 19,02 1O .40
16 10.90 .72 10,37
17 10.33 19,94 10.11
18 10.94 18 . &4 10.21
19 10.35 T9.20 10.43
20 10.83 8.90 10.26
21 10.52 78 .82 10.6%
23 10.53 19,12 10.34
24 10.98 8 445 10.55

FEED 0.15  99.84 0.00 W,
REAC TION  ETHANOL RATE*10%%4

CONVERS TON MOLES /

b4 (MIN*G CAT,)
YEHYDRAT [ DN 20.77 1.416
RALANCES
EXCESS FTHANOL EXCESS WATER
-0.13 % 1.31 % :
HYDROGEN OXY GEN CARBON

-0.09 % -0.00 % -0.13 ¥

2



EXPERIMENTAL
DATE CONDUCTED

153

TapLtE 1.14

vili- 2
10/27/7176

RUN

RUN TEMPERATHRE~  13%.0 DFEG.C
RUN PRESSURE = 694,65 MMHG 0,911 3 ATM = 2.3 KPA
CAT AL YST MASS = 05297 G
SYRINGH FtED RATE RANGE ML/MIN G/MIN DENSTFY *
# G/ ML
1 T 15,00 171000 O0,.1.%26=01 0.9907E--02 V.91
AVERAGCE ML, WT G, O9% G/AMOLE
TOF AL EED RATE Oy 21550 ~03% MLt S/MIN
PRODUCT ANALYSTS MOLE % o
SAMPL F COMIINENTS
# e O b T ET20
{ 66 14.9% T0 .34 14.70
6T 14,19 1.1 14458
6HY a9 T3 14,173
6HO 14,03 Tle61 14.3%
70 15409 TO 49 14 .44
71 14,36 T1.24 14.38
7o 14 .98 TO4T  Yh.54
73 Tava b0y T1..01 14.32
T 14.92 T, 25 14 .82
144 65 [0 80 14.54%
FEED 0.1 a9, #4 0. 00
REANCTTON FTHANOL RATER 1O %% &
COONVERSTON MOWES/
b4 (MINSG CAT.)
DEHYDRATION 29,173 1.183
BRALANCES
EXCESS ETHAMIH EFXCESS WATER
Q.04 % -0.,3N %
HYDROAGEN 1“{ YGEN CARBON
0.02 % -0.00 % 0.0 %
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TABLE [.15

EXPERIMENTAL RIIN vii- 3
DATE CONDUCTEN 11/ 1/176
RUM  TEMPERATHIRY 135.0 DEGLC
RUIN PRE SSHRE - TOY. 6 MMHG D.9232 ATM = 91,4 KPA
CATALYNT MASS = 08297 6 :
SYRINGE D RATFE RAN G- ML/MIN - G/MIN  DENSTTY
# G /ML
1 tTOH 40,00 1T/71000 003376 =01 0.26701 -0 0.791
AVERAGE ML, WT = Gh ey L/MOLE

TOTAL HEP D RATE = ().‘.\HllPi*()\ MOLES/MIN

PRODUCT ANALYSTS MOLF %

SAMPLE COMPUONENTS
H H20 ETOH FT20
13 754 85.16 7.29
14 T T3 REARY S T.48
15 7053 35,08 7.20
16 TJT6 B4 . 8 T.37
T ot 85,01 7.33
FEED 0.1% a9, vy n. 00 o
£
REACTION T HANDY RATE S 1084 T
CONVERSTON MOLE S/
B4 (MINXG CAT. )
DEYIY ORATION 14.70 l.ol0 -
BALANCES
EXCESS FTHANOL EXCESS WATER
-0.1% ¥ 2.4 0¥
HYDRNGEN ' OX YGEN ‘ CARBON

-C.10 % -0.,00 % -0.1% %



TABLE 1.

EXPERIMENTAL RUN
O CONDUCTED

DAT

RUN Tt MPERATURE -
RUIN PREESSURE =

135,0
T09,.8

NEGLC

MMHG =0,

CATALYST  MASS = 0.5297 G

SYRINGE )
#
1 b TOH

AVERAGE MOL, WT =
TOTAL FEED RATE =

PRODUCT ANALYSTS

RATE

25,00
4

RANGE

/1000 0,
5495 G/M

16

VI~ 4

11/11/76

Q314 AL

MLL/MIN

2102E-01
OLE

0.3618F-03 MOLES/MIN

MOLE %

SAMPLE COMPONENTS
# H20 £ TOH
26 10499 TR .40
27 11.03 T8 54
28 10.83 TH L0
29 11.14 TR, 42
30 10,99 18,12
31 10.97 .70
32 10.80 78 . RE
33 11.00 TR, 56
34 10,82 TR 6T
10,94 18, 63
FEED 0.1% 99,84

REAC TION

FTHANOL

o0

10,59
10.41
10,32
10.43
10,27
10.32
10.30
10,473
10,60

RA

CONVERSTON

DEHYDRATTON

RALANCES
EXCESS ETHANOL
~0,39 ¥
HYDROGEN
-0.26 %

Y
P

20.85%

FXCF

(M1

5SS WATER
3,72 %
XY GEN

~0, 00 %

TEXLOw4

MOLES/

N%G CATL.)
lo422

G/MIN

94.3 KPA

0.1662t-01

CARBON
-0.39 %

DENSTTY
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TABLE .17

EXPERTIMENTAL RUN VIIT- 1
DATE CONDUCTED 11/ 2/76
RUN TEMPERATURE~-  135,0 NFG.C
RUIN PRESSURE = 713.3 MMHG = 0.9360 ATM = 94.8 KPA

CATALYST  MASS - 0.%297 G

SYRINGE  FEED RATE RANGE ~ ML/MIN G/MIN  DENSITY
"o 5 G/ML
1 XXX1 25.00 171000 0.2102F=01 0.17176-01  0.817
AVERAGE MOL. WT = 39,54 C/MOLE

!

TOT AL FEED RATE = 0,43420=-03% 0L ES/MIN

PRODUCT ANALYSITS MOLE %X

SAMPL F CUOMPONENTS
# H20 FTOH ET20
23 2T.51 67.16 e V1
24 28,92 6H e B4 5.53
25 A A 66,72 SYehl
26 28.91 65449 5.9%8
271 27 . 68 HH Q90 Haeh )
28 29.03 65036 5,59
Ja 2T 84 HH W B 5.31
30 29,18 A DN 5 .84
28435 bbbl 6 Sl
FEED 23,08 T6. 94 0 .00
REACTION F THANOL RATExTON%Y
CONVERSTON MOLES/
B4 [MIN®G CAT.)
DEHYDRAT TON 14,23 8,982

RALANCES

FXCESS FTHANDL EXCHESS WATER
0.22 % -0, 60 %
HYDROGEN OXYGEN ¢ » CARBON

0.13 % -0,00 % ' 0.22 %

>

6



TABLE [.18
FXPERIMENTAL  RUN vitli- 2
DATE CONDUCTED 117 2/176
RUN TEMPERATURE — 135.0 NDEGLC
RUIN PRESSURE = 712.5 MMHG =0.9350 ATM .= 94 .7 KPA
CATALYST  MASS - 0.5297 G
SYRINGE  FEED RATE RANGF ML/MIN G/MIN  DENSITY
# G/ML
1 XXXI 10.00 1/1000 0.82776-02 0.67626-02  0.317
AVERAGE MOL, WT = 3a.h4 G/MOLE
TOT AL FFEFD RATE = 0,1710-~-03 MOLES/MIN

PRODUCT ANALYSIS MOULE %

SAMPL F COMPMINENTS
# H2 0 ETOH
b4 - 33,70 55,50
66 33,26 55 .99
68 13,58 55 . 86
70 33,61 55,98
33, 54 56,83
FFED 23,05 76 . 9%
REAC TION ETHANOL
BES CONVERSTO

X
DEIYDRAT TON 27.60
BALANCFS
FLCESS FTHAND! FX CF
D.16 % -
HYDROGFEN

ET20

10.78
10.74
10.55
10.39

RATE =] Q%xb
N MOLES/
(MIN=G CAT.)
6.856

SS WATER
N.37 %
XY GEN
0.0 %

CARBON
0.16 %
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TABLE T1.19

EXPERIMENTAL  RUN vIill- 3
DATE CONODUCTED 11/ 3/76

RUN TEMPiRATURE-  135,0 DEGLC A
RUIN PRESSURE = 706,55 MMHG =0,9271 ATM = 93,9 KPA
CAT AL YST MASS - 0.529’ G

SYRINGY  FEED RATE RANGE ML/MIN G/MIN  DENSITY
# - G/ ML
1 XXX 40.00 171000 0.3376E-01 0.2758E-01 0.817
AVERAGE MO, WT = 19.54 G/MOLE

TOTAL FEED RATE = 0.6975F=0% MOLES/MIN

PROGUCT ANALYSTS MOLE %

SAMPL F COMIINENTS
# H20 FTOH £T20
11 26,14 70,29 3,55
12 26,91 60,39 .60
13 26,10 70,18 3,71
14 27,08 69,25 3. 66
4 20418 70,06 3.7%
16 27.28 68 .80 3.90
17 C 26,37 69,93 3.69
18 DT 8T 68 AT 3,75
19 26,37 70.00 3.67
20 AN RIS 68 . 9k 3.78
26,72 69,55 3.71
CFEED 23.05 T6h .94 0.00
REAC TION FTHANOL RATE»10%kS
CONVERSTON ‘ MOLES /S
. % (MINC SN
DEHYDRAT TON 9,66 9,7 e

BALANCES

FXCESS FTHANOL EXCESS WATER
0.05 % -0,15 % .
HYDROGEN OXY GEN CARBON

0.03 % _ -0.00 % 0.05 %

198
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TABLE 1.20
EXPERIMENTAL RUN IX- 1
DATE CONDUCTEDN 11/ 4/76

RUN TEMPIRATURE- 120.,0 DEG.C
RUN PRESSURE -~ 7001 MMHG =0.9186 ATM = 93,0 KPA

CATALYST  MASS - 0.5297 6

SYRINGE  FEEp RATE RANGF ML/MIN : G/ZMIN  DENSITY
# G/ML
1 XXX1 30.00 171000 0.25266-01 0.20646-01  0.817
AVERAGE ML, WT = 39.54 G/MOLE
TOT AL FEED RATE = 0.5220F-03 MOLES/MIN

PROD T ANALYSTS MOLE %

SAMPL - COMPONENTS
4 H20 FTOH £T20

23 2434 6 73.64 1.89

24 25,40 72.71 1.87

25 24,58 73.55% 1.8% v

26 25,23 72.83 1.93 é\

27 2h 7 73.()_3 1.89 ' :

28 25,24 72, Wb 1.89 -

29 24,08 73.91 2.00

30 C?5.,20 72.93 1.85

24.83 73.26 1.90
FEED 23.06 76.94 0.00
Ri AC TION FETHAN RATE 1 0%xs
CONVERCTON MOLES/
% (MIN®G CAT.)
DEHYDRAT [ (N 4.93 3.745
BALANCES
EXCESS ETHANOL FXCESS WATER
0.14 % -0.45 ¢
HYDROGEN OXY GEN CARBON"

0.08 2 ~0.00 % 0.14 %
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TABLE 1.21
EXPFRIMENTAL RUN X= 1
DATE CONNUCTED 11/10/776

RUN TEMPFRATURE-  110.0 NDEG.C
RUN PRFSSU%E— TL3.0 MMHG =0.9356 ATM = 94,8 KPA

CAT ALYST MASS - 0.5297 G

SYRINGE  FEED  RATE RANGE ML/MIN G/MIN DENSITY
# G/ ML
1 XX X1 10.00 1/1000 0.8277E=02 0.6762F-02 0.817

39,54 . G/MOLE
0.1710F=03 MOLES/MINL_

AVERAGE MOL. WT
TOT AL FFED RATE

[

PRONDUCT ANALYSIS MOLE %

SAMPL E COMPONENTS
it HZO FTOH ET20
33 24, 67 73.59 1.73
34 25.48 72,77 1.74
35 244 65 73.59 1.75
36 25.78 T2 .46 1.74
37 244 44 T35.75 1.80
38 25.30 "L 95, 1.74
25.05 73.18 1.75
FFED 23.05 T6 .94 0.00
REAC TION ETHANOL RATE®]1Q%*%x5
CONVERSITON MOLES/
% (MIN%G CAT,)
NDEHYDRAT ION 4455 1.132
BA:_ANCES
EXCESS ETHANNOL FXCESS WATER
-0.32 % 1.02 %
HYDROGEN XY GEN CARBON

-0.19 % -0.00 % -0.32 %



TABLE T.22

EXPERIMENTAL RUN X1~ 1
DATE CONDUCTED 11/15/76

RUN TEMPERATURFE— 135.0 DFGC.C
RUN  PRESSURE= T701.0 MMHG =0,9198 ATM = 93,2 KPA
CATAUYST MASS = 0.5297 G

SYRINGF  FEFD RATF RANGE ML/MIN G/MIN  DENST
# ‘ - S/ M
1 XXXTI 25.00 171000 O.2102F=-01 O.1610F-01 Q..
L OERAGF MNL. WT = 51.96 G/MOLE

TOTAL FEED RATE 043098F=-03 MOLFS/MIN

PROPDUCT ANALYSIS MOLF %

AMPL E COMPONENTS
" H20 £TOM £ET20
13 8.97  59.78  31.24
14 9.53  59.48  30.98
15 9.36  59.55  31.08
16 9.60  59.19 31.19
17 $.36 . 58.87  31.76
18 5. 9.63  59.35  31.01
'Qy‘f———— ——————————
.41 59.37  31.21
FEED 0,11  78.45  21.43
REAC TINN Fi Nl RATE#1 0% %4
CONVFERSION MOLES/
¥ (MIN%G CAT.)
DEHYDRAT I NN 24.93 1.143
BAL ANCES .
EXCE ETHANOL EXCESS WATER
0.61 % ~4.79 % |
HYDROGFN NXYGEN ‘ CARBON

0.28 % -0.00 % 0.39 %
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TABLE T.23

EXPERTIMENT AL RIN X1ir- 1
o CONMDUICTED 12/ 3776

RUN TP iRATURE 135.0 DEGLC

RIIN PR OSSR TOQ T MMEE T L), 9313 ATM = v. 3 KPA
CATALYST  MASS = 0,2040 G
SYR (NGE 't D RATFE RANGE ML MM G/MIN NENSTTY
# (/ML
1 FTOH LHhe00 171000 001250 E=01 0.9907 ~02  0.19]
A RAGE ML L WT = G Q5 G/MOLE '
POT AL HEED RATE De 215 =03 MO ES/MIN
/
PRODUCT ANALY ST MOLE 7
SAMPL CUOMPONIEINTS
G H2H FTOH tT20
N Ho1l6 8,01 1.0
Q 7.51 401373 7
0 8.06 B g b6 Tt 6
1 74345 G5, 32 T el
[ 8.0 Bh .56 7438
13 7.0 B4.,78 7,66
A 8,08 Ra, 44 {for 7
“ 7. 38407 /.61
16 B.10 R, 34 T oS4
[ o84 R4 .67 7e51
F it N,15 a9, Py 0. 00
REACTION FTHANDL RATEL 103%%x4
NCOV U ER S TON COL:S/
1 ;4 MIT- G CAT.
DEHYDRATINN 17 08 i 588
BALANCFES
EXTSS ETHAMOY EXCESS WATFEK
-0.17 % Y29 % :
HYDRNDGEN NXYGEN . CARBON
-0.11 % -N0.00 % V.17 %
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iABLE 1,24

FXPERIMEMTAL RUN XTI-2A
DATE CONDUCTED 12/ 97176

!

RUN TEMPERATURE 135.0 DEG. :

REUIN PRESSURE | TO2.8 MMHG =0,9222 ATM = 93.4 KPA
CATALYST MASS = 0.2040 G yDEACTIVATION RATTIO=0.932
FPEECTIVE MASS — 0.1902 6

SYRINGIH FEED RATF RANGE ML, MIN G/MIN DENSTTY
# \ G/ ML
1 FTOM 15,00 171000 0415701 ().‘?'H)-/F‘—()/ O, 791
AVERAGE ML, WT = H5 .95 G/MOLt

FOTAL FEED RATE = 0.215%5E =03 MOLES/MIN

PRODUCT ANALYSIS MOLE %

SAMPL F COMPOYNENTS

# H20 FTOH FT20

13 7.07 85.90 7. 02

14 7.57 85,21 (.21

15 7.06 85,98 6£.94

16 L 143 25,59 6o 97

17 : ) 7.12 B85.97 6489

18 , 7.43 BS.34 7.22 )

19« . T.62 845,49 7,08 :

20 7.55 85.29 7.4 ) " ’

2 © T . g 85. 80 694 . . ) LV

22 7.5 85.32 7.09

7.35 85.59 7.05
_ NN
FFrED ~0.15 99,84 0 .00
. . (:‘:5
REAC TION FTHANOL RATE L =34
CONVERSTION MOLES/
;4 (MIN®G CATL.)
DEHYDRATION 14.13 1.598
BALANCFS
EXCESS FTHANOL : EXCESS WATER
-0.14 % - 1.95 %
HYDROGEN NXYGEN CARBON

-~0.09 % -0.,00 % - ~0.14 %
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PABLE .25
FXPERIMENTAL RUN XII- 3 ’
DATE CONDUCTE D 12/13/776
RUN TEMPERATURE = 135.0 DF(?ZE?
RUN © PRESSURE = 6944 MMHG 20,9111 ATM = 92.3 KPA
CAT ALYST  MASS = 0.72048 G yDFACTIVATION RATIT 200932
FERECTIVE MASS — O0@N902 6 «
"hm o
SYRINGE  FEED Réﬁ’&{’RANCF ML/MIN G/MIN  DENSTTY
#o G /ML
1 - TOH 30,00 171000 0,256 =01 0.1998F-0]1 0.791
AVERAGE ML, WT = 45,95 G/MOLE
TOTAL FEFED RATE W& _0.44349F-03 MOLES/MIN
S .
PRODUCT ANALYSIS MOLF % S o
SAMPLE COMPUNENTS TR v
# H20) CTOH CET20 b o .
3 ‘ 4,17 91,19 4402 ‘ )
I 4 .14 91, 84 4H . Q() : . t
5 4.13 01.96 3.89 o
6 4,23 91.77 3.93 ..
7. 429 91,65 .04 T . e
8 o+ 4,35 91.61 4,03 ’
9y . e ldD 71.61 4413
1 7 4 .38 91.53 4,07 N
11 4912 91.91° 3.95 .
12 4e35 91.59 4405 o] '
13 = 4,17 91.93 3.89 : 1
16 4.26 . 91.78 °  3.94 N
QT_______ T e — " _______ PR ‘4
Gel% 91.75% 4,00 &
FEED E¥ 0,15 99,84 0.00
REACTINN ETHANOL RATE= 10%x4
CONVERSION MOLES/
P4 _ (MINXG €AT.)
DEHYDRATION 8.01 1.829-
"BALANCES
EXCESS ETHANOL EXCESS WATER
-0.09 % 2.21 %
HYDRNGEN . NX YGEN CARBON



EXPERIMENTAL RUN XII- 4
DATE CONDUCTED 12/13/716
RUM TEMPERATURE = 13%,0 DFEGLC
RUIN PRESSURE - 607,01 MMHG —0.9147 ATM = 04 KpPA
CATALYST  MASS = 0.2040 6 fDEACTIVATTION RATIN=0.932
EIEECTTVE MASS = 0,.1902 6
SYRINGE  FEED RATE RANGE ML/MIN G/MIN
#
1 £ T To50 171000 0061536 =02 Q48671 =07
AVERAGE ML, WT 45, On G/ MOLE
TOL AL FEEN RATE 0 LOHYE =03 MORES/MIN
PRODUCT ANALYSTS MOLE ¥ .
SAMPL F COMPOY N ENTS - )
#o AR ETOH Y20 o R SR
: . Vr TR .
18 11.58 7ot 11.94
19 12,27 PN W 12.40
21 12067 e 75,03 12,34 .,
23 ©T1.94 T5.7% 12.29 "
24 L2g86  75.01 12.12
o5 “12.%2 0 75, 7 12.10
o 12,60 751 11,88
27 12.22 75.86 "0 11.90 .
28 12.40 TheB6 11.73
12.29 15062 12.08
FEFD 0.15 99,84 0400 g
REACTIQN %@?NOL O ORATER10%%4 T
cT CONMERSTON MOLES/
¥ (MINSG CAT. )
DEHYDRATION 24.20 1. 345
BALANCFES .
EXCESS FTHANOL @ FXCESS WATER =
_0.0‘3 (‘: 00‘31 x .
HYDRNGF N NX YGEN CARBON
-0.03 ¥ -0.00 % ' -0.,05 %

TABLE 1.26

DENSTTY

Y]



TABLE 1,27
EXPE RIME AL RUN XI11- 58
DATE « auCTED AARVASIS
RUN TEMPERATURE - .0 DEGLC _
RUIN SORESSURE = To1 MMEG 0,914 7 AT 0 §g .5 KPA
CATALYST  MASY 20406 yOEACTIVAT TI0=0.932
PEEECTIVE MASS 1902 G\\\
SYRINGE . BEED ATE RANGHE ML /MIN G/MIN DENSTTY
f /M
1 = TOH D2L0 11000 0N H3OE =01 O 14vat -0l 0.1
AVER (b MIle, WT = G5, 00 G/MLE
TOI AL FEED RATE = 0432524 =01 MHQ;S/MIN
\7,<F71// -
PRODUCT ANALYSIS MOLEF %
SAMPL F COMPONENTS
# H20 ETOM ET20
33 Se2T 19, RQ G483
14 .07 RO, Ry 4,86 -
35 .19 89,80 4,99 S “\
36 5,400 RO, 51 5,07 .
37 S.18 RO, 8o et h
= 3R Seb0 RQ, 47 5,05
Y 39 5,20 qa,a9n 4,88 L
40 T 5.43 RQ, "7 4 .99
5. 30 RO, 73 449N
. o
P .15 99, 84 0.00w
R&AC T IN ETHANOL RATER1ON%4
LONY NN MOLES/
R (MING CAT.)
Nt PR RN Q.92 l.694%
a
~BAL NCES N
———————— . v
FXCF,\‘S FTHANOL ‘ TENCESS WATER -
0,19 ¥ A0 % - :
HYDROGEN _ NXY GEN CARBON
-0.12 % S -0, 00 ¥ -0.19 X
i
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Tastt t.o8

ENPERIMENTAL RUN X1TI-

DATE CONDUC Tt 10/.0776

REIN TP 0 ATURY 13,0 e, C
WIEN PRESSURE - U0 MM 0,91 70 AT
A ALY ST MASNL = 0,000 G SJOEACT TVA]
Ehrt CHIVE MASS = (1902 6
SYRINGEH CHED ! RANGE MU/ZMIN

I

1 t O TH,o00 171000 0,100 e =01
AVERAGE ML, WT- WML/ MDY
TOTANL BEED RATE = Oy Plant -0 MO ES/MIN

A

ANATYS TS MLy X
COMPONENTS

PRODULCT
SAMY

¥ HOD £ 10k LT20
!/ fe 1t SRR YRR
R e RN 7o 0%
2 R : rel Rive 1 I IR s
. 0 R P02
e 7.1 Rev. O Y
R L0 An, NORY 5o
; R S 2
Fe V) Re, 81 R A
FEED &{.‘ 4 RIY A 0. Q0
REACTION b1 HANDY RATE S LO® G
: CONVERSTON O ES/
% (MINSG CAT.
DESY DRATINDN 13,99 1. 283
o
BAL ANCES
—- A3

- .
""'"——"'—'43»\31 " »

EACESS ETHANDL EXCESS WATER

-0,06 % 0,91 %

HYNMROGEN s tINYGHEN

-0 X “0.00 ¥ .
i «

6

O .9 KPA
TN RAT I 0,930
G/MIN ENSTTY
S|

Q.07 -0 0.9

)

4

CARBON
-0 06 ¥

167
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TARLE .09

EXPERIMENTAL RUN X1i- 7
PDATE CaNpuctTen 12722716

RUN TEMPERATURE = 135,00 DEGLC

VUIN PRESSURE - 697 .9 MMHG 20,9157 ATM = 92,7 KPA
CATALYSY MASS - 0,2040 G SDOEACTIVATION RATTO=0,840
FHEEOCTTVE MASS - Q.1 714 G L2
SYRINGH et D RATEH ANGH ML /MIN G/MIN  DENSLTY
# ' G/ ML
1 t1OH 15,00 1/71000 O, 12526=01 0,9907t 02 0,791
AVERAGE MDY, WT = O U% G/MIN - :
TOT AL FEED RATE = O 0 Eost =03 MO ES/MIN

PRODUCT ANALYSTS MOLE 2 ¢
SAMPL L CUMPONENTYS ‘ ,
# th‘ ) ElH, 10 .
' 7019 wald '
I8 { ot} 84, 84
10 R Qe 07
| U T Neve 40
13 . (ST Hive 004
15 ISR S B al
Lo [ TR EAPY ot
/'ol.‘ \‘((\.:‘\) (".I“H
FtEn » O.1H O, By O, 00
RE AU TTON ETHANDL RATE S 1O %4
: CONVERSTON MOLES/
2+ (MINSG CATL ) . ¢
DEHYDRATION 13,18 1. 6he
RALANCES' »
_________ . 4
FXU LSS FTHANOY EXCESS WATER
0,38 ¥ w SR AR 4 .
HY DRNDGEN NXYGFEN CARBON
Y28 X ) -0,00 % ~D.38 X%
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Taglt+ 1.0

EXPE RIMEMTAY ‘N XNi1 -8

NDATE CONDUCTED | AR WA '
RUN  TEMPERATVURE = 13%.0 DEGLC
RN PRESSURE= 6O 9 MMHG 1 92,0 KPA
CATALYST MASS - 0,040 6 . O ON RATTIO-O 6T

EbE CTTVE MASS =~ 001568 6

SYRINGE  FEED RATE IANGE ML /M IN G/ZMIN DENSTTY
# ' . 0/ ML
1 b TOH 15,00 171000 0.1252E=01 0.,9907L -0 00791
AVERAGE ML o WT - Ahe O G/MNLE '
Fi AL FEED BATE = 0,0 155 =03 MOLES/MIN
PRODUCT ANALYSTS MOLE % : Sy
SAMPLE COMPONENT S
# H20 FYOH ET20
et BT 6.12
+ T3ED RIATAY 6£.09
B AY 87.1n b4
fell RY P s RS
(\.‘\? ' H/. 8 (\.03
6 89 Nh, U el
17 b, AT RN DAY
1 6,70 87031 SR
[SAS R7.10 6o T
FEED Oulh a0, 84 0 .00
L4
) : ©
REAC TTON £ THANDL RATE 1O,
CONVERSTON MOLES/
>kz’ (MINSG CAT L)
PEHY DR AT [ON 17,16 lool2’
PALANCES
EXCESS ¢ THANOL o EXCESS NWATER
0.0y % R, 6% %
HYDROGEN B A IXYOEN CARBON
0.3 % 7 -0,00 % -0.53 X
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EXPERIMENTAL RUN X11I- 1
ATt CONDUCTL D 1.7 97176
RUN TEMPERATIRE - 10,0 DR
RUIN PRESSURE = T MMEG 20,9192 ATM 93,1 APA
CAV ALY ST MASS = 0,200 G PDEACTIVATION RATIO =0, 042
EHEECLIVE MASS —~ 00,1902 6
SYRINGE  FEED RATHE RANGFE ML /MIN ufﬁlm DENSTTY
1 G /ML
1 Fyon L5400 171000 0,192 =01 0,990 =02 0,191
AVERAGCE MO, WT - AN LN G/MDLE
TOTAL BEED RATE = 000185 E=03% MOLES/MIN

PRODOCT ANALYSTS MO %

SAMEY 1 COMPONENTS
# HO O tTOH T80
33 4,01 BRI RV Vo4 -
R AL DL 14 3.9 S
3k Va6 W, 3o 79
R G.01 IR Y %.;Q
X7 40 00 OO0 RN
38 V.00 SIR TN i oL
3,99 ar,0Y
FitD Odln D9, 8y 0. 00
REACTTON ETH AN RATE = 1O%%y U
CONVERSTON MULE-S/
- e (MINSG CAT. )
DEHYDRATION TS50 H, 0%
RAL ANCES
EXCESS FTHAN( EXCESS WATER
-0,06 % S et X ‘
HYDRNGEN NXYOEN CARBON

—0.006 ¥ -0, 00.% V.06 % . ~
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TABLE 1,32

EXPERIMENTAL RUN X11rr- 2
DATE CONDUCT ED 127 077

RUN TEMPERATURE 129.0 NEG.LC

RUIN PRISSERE = 693.2 MMHG =0,9096 ATM = 92,1 KPA
CATAULYST  MASS = 0.2040 6 yDEACTIVATION RATTID=0 .93
EHEECTTVE MASS — 00,1902 G
SYRINGE  FEED RATF RANGE ML/MIN ™ G/ZMIN  DENSITY
" G/ML
1 I TOH Tan0 171000 0.6153F=02 00,4867 02  Q.791
AVERAGE MOL . WY - 45,95 G/M0F

TALAL BFEED RATE = 0.10859F=0% MOLFS "MIN

PRODUCT ANALYSTS MOLE %

SAMPL COMPONENTS
# H20 b TOH FT20
21 , T.14 {5,091 6.94
22 Tohéy RS, 44 7.09°
23 T.32 R6, B4 6482
24 [oty? B, 88 6499
25 7.37 R, T4 6.88 B
26 Telrbs N5, 40 T.13
2 T.36 BS5.65 6497 -
FEED 0415 99, B4 0.00"
REAC}IDN P AT RATE S LO%%Y
2 CONV -V U [ON MOL S/
P4 v (MING CAT.)
DEHYDRATTON 13497 T.769
BAL ANCGES s
EXCESS FTHANDL EXCHESS WATER
-0.,.>3 % .31 % .
HYDROGEN NXY GEN ' CARBON
-0.1% ¥ -0.00 % -0.23 %
. -
TN
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TABLE [433

FEXPERTMENTAL R XIv- 1
‘:‘L . . R y -y -
; NATE CONDUCTED 12/10/7¢
,,*_'f‘ ’ ﬁ}%‘ -
RIIN rfwwvﬂATUR»— 110.0 NEG.C .
RUIN PRESSURE = 69305 MMHG =0.9100 ATM = 92,2 KPA
CAT AL YST  MASS = 0.2040 G yDEACTIVATION RATIO=0 <932
FEEECT TS MASS — 001902 G
SYRINGE  FEED RATE RANGE ML /MIN G/ZMIN  DENSTTY
! !
# G /ML
1 FOTOH ToH0 171000 0,6183F-02 0048671 02 0.791
AVERAGE ML, WT - . DN OS5 G/MNDLE
POOBAL BEED RATE = 0L, 10%9E=03 MOLES/MIN
PRUODUCT ANA, YSTS MOLE %
SAMPLf COMPONENTS
& TOH20 FTU0H ET20
] 3,50 Gl 1n V.34
2 ‘-74" \);)0}1‘“ —S./?l.
3 3,69 92,98 3,37
4 3,73 00, B9 3.3 7 .
b 3,70 93,08 L , ,
1 5,71 G 2,99 L.29
7 3 .-‘\ Q3.4 1,21 41:\/" ) :
8 S 3Jnh w308 3025 Tum
3. 65 93,03 3.30
FEED ' 0a.1% 99, 84 0. 00
REACTION FTHANDL RATE © LOwsy
CUONVERSTUN Mares/s oo
K IMINSG CAT, ) _
DEHYDRATION Hebl 3o 17 C :
HALANCES
— W e
EXGd 5SS FTHANOL EXCUSS WATER
C=0.20 % 5,86 % : %
HY ORNGEN : NXYGEN CA RBON
-0.13 % ‘ -0.00 % -0.20 %



0.01 % -G.00 % 0.01 %
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/
¢ B N R 7
- FABLE T.34
EXPERTHENTAL RUN XIv= 2
DATE CONDUGCTED 12/14/776
RUIN S TEMPURATURE - 110,0 DEG.L.C
RUN . PRESSURE=  69%5,6 MMHG =0.9127 ATM = 92,4 KPA
CATALYST  MASS = 0,2040 G y DEACTIVATION RATIO=0,932
EEEECTIVE MASS = 0,1902 6
SYRINGE  FEFD RATE RANGE ML /MIN G/MIN DENSITY
# ‘ ‘ G /ML
1 O 4,00 171000 0.3180F 02 0.25155-02 0,791
AVERAGE MO . WT = 45,05 G/MOLE
TOT AL FEED RATE = 0,5473E-04 MOLFS/MIN
PRODUCT ANALYSTS MOLE %
SAMPL CUMPONENTS
# < H20 ETOH ET20 )
1 R, Th BH .56 S5.67 o
2 5497 AR 22 5486 -
3 O h,93 88 .31 5eT4h
4 5.89 8R.P2 5087 g o b 4
“ 5.93 88,4646 5061 B : A .
6 5,94 88,22 5 .82 - oy
= 5.89 88 .33 .76
FEED 0415 99,84 0.00
. | e
RIAC TION & THANOL RATE XL 0w
CONVERSTION MOLES/ .
. b4 (MINAG CAT.) -
T DEHYDRATION 11.54 3.317
, ) ' .
RALANCF S o RS
FXCESS FTHANOL - FXCESS WATER
. 0.01 z "'”.3;) z
HYDROGEN AXYLEN CARBON



TABLE 1.35
FEXPERIMENTAL RUN Xv- 1

DATE CONDUCTED 12/714/76

RUN TEMPERATURE 135.0 NEGLC _
RUN PRESSURE =~ 696,55 MMHG =0.9139 ATM = 2.6 KPA
CATALYST  MASS - 0.2040 6 . oDPACTIVATINON RATIO=0,93 72

CFECTIVE MASS - 0,1902 6
SYRINGE  FEED RATE RANGE ML/MIN G/MIN  DENSITY
# ) : TG /ML

1 XXXTT1 22450 171000 0.1889E-01 0.1439E-01 0.762
AVERAGE MOL, WT = 52086 G/MOLE
FTOTAL FEED RATE = Q.2723F-03 MOLFES/MIN

PRODUCT ANALYSIS MOLF ¢

SAMPLE COMPONENTS
# H20 ET0H ET20
23 4,62 b6 o 30 29,01 .
24 4,48 b6He53 28,92 .
25 . 4.53 66451 28.94
26 4 66 664 6N ?8.69 .
27 4,51 66.58 28.89 o
28 4.29 66497 2072 v 1Y
29 4,28 -+ 66496 28475, :
30 4.28 66.98 @ 28,72
31 4433 66459 29,07
32 4,41 66.75 28,83

PFERD “0.14 75.17 24,67
REAC TINN ETHANOL RATE® 1 Q%4
» COMVERSTON . MOLFES/
2 (MIN%G CAT. )
DEHYDRATION 11,12 | 1.197
"BALANCES \
EXCESS ETHANOL EXCESS WATFR ~
~-0.15 % 2.69 ¢ *
HYDROGE N NX YGEN CA RBON
-0.06 % ° - -0,00 % -0.09 %

174



-/

EXPERIMENTA
DATE CONDU

RUN TEMPERATURE-  135.0
RUIN PRESSURR-  693.3
CATALYST  MASS —\0.2040
FrEFCTIVE MASS - {902
SYRINGF  FEED RATE

" .

1 XXXTTI 15.00\1
AVFRAGF MO, WT =
TOT AL FEED RATE = 0.1805
. N

T ‘

PRODUCT. ANAEYSTS MOLFE %

SAMPL F .LLOMPONENTS
o . h2o ETOH
7 B 5,80 6£4.05
9 . 5.88  64.24
10 5,81 6369
11 . . B&ie 394
13 5.888 63,68
14 5. 8 4L 63465
15 5,627 Nota27
16 5.81 OGaelS
To- meAy
5.81 63.96
FEED 0els  75.17
R ETHANOL
il CONVFERSIO
DEHYDRAT INN 14.74
.
BALANCFS
FXCESS FTHANOL EXCE
=0.17 %
HYDRNGEN
-0.07 % -

TABLF

L RUN
CTED

NEG.C
MM HG

RANGE

71000

F—

I.36

XV-=-
12/15/76

=0,9097 ATM
G s DFACTIVATION

ML/MIN

ET20 -
| -

30.13
79.86
30 .49

" 30.18
30.42

30.10

~

RATE*]1Q=%4

N

MOLES/

2

(MIN&G CAT.)

e

SS WATER
239 %
NXYGEN
0. 00 ™

1.051

KPA

RATIN=0,932

G/MIN

NENSTTY

0.12526=01 0.9544F =02
86 G/MOLR
OLES/MIN

CARBON
-0410 %

G/ML

0.762

&
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Tantt 1,38

[N T

Xy:!- 2
1/ 17/7176

I ME T AL RUIN
BATE e e TeED

S N N R T1oLy Nt 6,0
SR O A A N VAV TR A,9700 ATM
Ly IS e fDEACTIVAT TON
O I T AN LIRS
TN N RATL AN ML /MIN

H

1 oy SR I B W L P A L A D
A oA S N R N N
I A B A I E e far 0 =04 MLl S/ MIEN

CRUTOCTOAMALYS TS MO E T
SRR G NN TS

AN
4 b A X 120
A‘} sy it ’\’w."w ,‘W, )
25 o T . a4l
i Ve Ths AR TG, 649
SR Ly e don i RIS
3 ) oy 3 S g 4.‘)/
~1 . SN N TYLLA
R . w-n('\ A 20
G 7R AL 63 ? Q.33
(SRS Vol4 75,17 2 hT
LTTTON TR LT EELOFRY
SRR MULES/
¥ (it CAT L)
TSR AT TON 12,30 : 3062
BALANMCES

EWCOS ANl SXTESS HATER
nLna e -1.21 %
AV RNGEN Y'Y SEN

NeN4 Z
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Ay 1.319

Py RIMENTAL KRIIN Xvil-
DATY (OMDUCTED 1.0/ 003716

RIIN G TEMDER A TR Pra )y NEG,C
PN A A .o MMH O.9 5 ATM
CAT AL YST MALL = 0L a1 6 ¢
CYRINGE FEr D A PANGE ML /MM

#

1 SRR TR A T N I A
AVEEAGE M W T O VA IR
T R R AT Lol ne i — M S/MIEN

pRe T ANATYSTS Mt F

SAME B CHMMYNE TS
# Ho0 TH 120
16 17.728 AV 9,39
17 FERIERE Coetl 0,07
a 1N, 14 TG, al G.94
] TURD S LR T9H.11
J T, e 5% .79
> 1 1h.n4y RIS 10O .04
Py 10.40 Trand .1
'3 RIS €n.29 VLT
A 19,49 Ta,Ta ), 70
IR N, 71 Gen8
2 R A Q0 NA Yo 4R
B G.on L4l a.
I SN 103 A
10,22 RN,NY2 .74
8D N.15 a0, 84 N. 0l
FACTION ETHAN CATE= 10224
NVASE MO =S/
z fPh=G DAT.
Syl ATINN .52 1,74
;1/“14" ”‘F
FrTEST OBTHNOL EXCESS WATER
-.32 Z 3.32 %
HYDF IGEN AX YGEN
-N.21 % -N,00 %

1

4
()(’/ ) UA
L/ DENSTTY
/ML
D00t =0 O. 791
CARBON

.32 %
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TABLE T.40

Fyep R IMENTAL RIUIN XVIil- 2

NATE CONDUCTED 12730/ 16
DUIN TEMPERATHRE - 136,00 DEGLC N
RUIN DL SSIIRE - JOR L5 MMEG 20,6297 ATM . 94 .0 KPA

CATALYNST MASS - 0.2411 G

SYRINGE FreEn RATE RAMTT ML /MIN (/M DEMNSTTY
# G /ML
) PTIH LTI 1/ WL =01 0.16676-01 0.791
AVERAGE MO L WT - 45, IMDLFE
TOTAL 760 BAT: = 0,181 =03 ML ES/MIN

PEODUCT ANATYSIS MOLF %

SAMPLF COMPINEMNTS
# H20 FTIH £T20
1 He 80 3 5] S.67
7 620 RT,96 5.82
3 5.75 £l . h6 5.98
4 ho2? 87,094 5.82
5 [ANART fFa .03 5.91
6 L 6H 3D fT.T5 5.91
",’ 5. 606 a3z 22 5 .42
] & 0% 9,20 5,74
9 5, 74 A3 6T 5.58
10 H.10 ny,22 566
11 5,87 28,41 5.70
12 be12 23.10 5,717
5 .99 83,28 5. 72
FEED N.15 99, &4 N. 00
PEALTINON ETHANOL RATE=10x%4
: CorveE2STON “OLFES/

. x (MIN=EG CAT. )
DEFHYDRATINN 1145 1.716
RAIANCFS .
FXCESS FTHA NL FXCRSS WATER

~G.0 * 7.00 % .
HYDRGEN NXYGEN CARBON

-N.0/1 % -N.00 % 0.11 %
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TABLY 1.4l AN N
S I
FX RIMENTAL R XVIT- 3.
DATH CONDUETEDR 2/ 317
LU, MPERATOIRE - IWGAO NEG ot :
RIN PR SSURE = T3 R MMLY, LT3 ATM = 93.5 KPA
(ATALYST MASS - 0.2411 6
N INGE FEED RATF RANIE Ml /MIN G/MIn DENSTTY
# - G /M
1 P TOH 15.00 171000 O.1252F~01 0.990/+-07 0.791
AVE  ALE MNL . WT = abh 058 G/MOLE .
TOTAL FFED RATE - 0.2185%1 03 ML FES/MIN
4
!
PROPUCT AMAL /STS MOLFE ™ 3 ~,
CAMOL COMPIENTS |
i H20 FT0H £ 720 :
16 Q.76 R1.86 2 .86
17 R.G5 n2.139 B
18 a,an 21,90 .
19 R R2.655 .64
20 g 2le3 B8a76
21 S ar, 17 3.83
22 Q.57 Al.61 8.85
9.17 N2 .04 8.77
FFED 0.15 Q9,84 n.00
PEACTION FTHANDOL TEx10=%
CIMNVERSTON MOLES/
4 (#IM~G CAT.)
NEYIORATINN 17.57 1.568
RALANCFS
EXYCESS FTHANOL FXCFSS WATER
-N.25 % ?7.79 %
HYDRNOGFN NXYGEN CARBON

-0.16 % -0.00 % -0.295 %
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TABLE T.42
REJECTED DEHYDRATION RUNS

Runs. Reasons for Omission
[rr-1, 1I1-3 Low conversion runs; the water
balance-was not - good and it was
suspected that the data was taken
f? under unsteady *dte conditions,
[v-5, v-2 Thermal deactivation of the catalyst
charge due to overheating.

XIIIr-1, XITr-2 Low feed rate, low conversion runs
whicn were inconsistent wi.n other
similar runs.

Xv-1, xv-2 Low conversion runs, incon<i.tent
with another, more a.dirate run
which used * similar feed.

xVI-1, XVI-2 ' Low conversion, low feed rate rurs,
inconsistent with other runs at
the same tewperature.

XVII-1} An incorrect rea:ling of the oump
catting or high initial catalyst
activity.



narameters for the

APPERDIX J

FSTIMATED FIHLTIC PARAMI TERS

fURqTHF DEHYDRATION REACTICN

i purpose of thi

{

Jdenydratie

recction bhazea on

aprendix 15 to calculate kinetic

the information

~ available from the set of runs presentod in Table ©.0.  In the
following analysis the rrensuso (P) is a..umed to be 93.5 kPa. The
informatior wsed in the cilculations at ti threg & fferent
_ temperatures is prefented in Table S.1.. The dehydraticn model of
equation 2.4 i uskd, ngglectiBg the reverse terms. 'YW’ YA and YE
arc the water, ethaio) and othor mole fractions.
TABLY J.1
RATE DATA
i ;XJO4 ~ Composition
O | ‘é61es/ - . %mole f;a?t1on) .
C j [(min g cat.) Description W . Aj . £j
135.0 1 2.03 ethancl feed!  =0.0 1.000 0.0
0.0 conversion
135.0 2 1.18 Run VII-2 0.1465 0.708 0.1454
135.0 3 0.685 Run VIII-2 0.3354 0.5583 0.1062
120.0 4 C.69 Run V-1 0.0429  0.9156  0.0414
110.0 5 G.32 Run ITI-4 Q.OS12‘ 0.9003 0.0484

182

]Extrapo1ated Value at zero conversion (see Figure 5.1).



: . . 0,
Three + uatior. can be written using the data at 1357C.

-

, 2
. S D
"y 7F§kkAffA])w B (J.1)
[1 ¢ KAPYA] 1°
, 2
" } (}\APYM) (J.2)
’e T T T ey
1+ (kAPYAz) + (kasz)]
iy ‘
"3 w»_-féiiﬂhﬂ@114 e (J.3)

(
(-

Dividing J.1 by J.2 and J.1 by J.3 results in the fall wing two

ernuations in two unknowns (KA and KH)'

A 0.5
SIS IRVARIPY

) % { .
A R R TAT (J.4)
[+ ;ZAPYA])]

Since the square roots of ratios were being compared to
scive for the kinetic data, the pecints presented in Table J.1 were
chosen t» have the widest spread of rates to improve the accuracy

of the solutions.

- A . 0\5
IR VAR Y
t ya \ )
o /g T+ (PYag) + (KPY, 50 ] (J.5)
(1 + (ZAPYA]))

183
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Equations J.4 and J.% can be rewritten in the following manner.
- (R \
PR N TI LSS T (3.6)
Ta2(Ry - 1) oty - 1) “ET TN
| \
"
R A/ E A L T (0.7) . -
YA3(R2 - 1) YA3(R2 1)

Entering the appropriate values from Table -J.1 results in KA = 0.0246
kpa™! and K, = 0.9319 kPa_]u The value ofAKA can nw be used in

equation J.1 to solve for kS.

SRS GRS
kg = 1,15 AAT moles/{min g cat.) (J.8)

: -4 L
The value of kS s thus 4.18 x 10 moles/(iin q cat.). , :

For the data at 120°C the following equation can be written.

T
' k (K,PpY )2 | N
IR 5N A4 4 (J.9)
[+ (KAPY + { )]2

s pa- P

Assumiry that.KA and KH at.12OOC are in ‘he séme ratio to the values
calculated from €uations 2.6 and 2.7 as the velues at 1359C were,
one can calcu’ “te KA and Ky 2t the Tower temperature. Thus KA and
K, at iZOOC‘are 0.0333 kpa™! and 0.0618 kPa'], respectively and

sut  tituting these values into J.9 yields ke (120°C) = 1.15x107%
méle/(min g cat.).

An equation similar to J.9 can be written at 110°C.
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2

ATAs (J.10)

R
[+ (KM g )+ (K PYye) ]

3 -

In a manner analagous to the procedure described im the previous
pafaqraph one can calcul&tv KA and Kw at 110°¢. Using the values
of the calculated adsorption constants (KA = 0.0525 kPa_l,
Kw = 0.0987 k?a—]) the value of kS can be solved from ecquation J.10. -
The result is kS (110°C) = 5&510’4 &o]es/(min g cat.).

The results of.thig appendix are summarized in Table 5.3.
The rate data ft 13570 was known‘to be more accurate than data at
other temperatures and th: adsorption constants (KA and Kw) a}e

b /Guite cloée to the values predicted by equations 2.7 and é.8. These
. results tend to confirm that Zhd kinctic medel of rabel (8) is

; ‘
vapplickble for this roaction system.



APPENDTX X

BIANY RUNS

[
|

A nurber of runs were carried out without any catalyst in .

the reactor.  These rans are aamariced in Tables EUOT through K. 7.
i

e caleulation procedurs ic discussed in Apoendix M

For the se-ins of Liant runs the-reactor temperature was
varied and the food rat~ and composition were also changed. The
sot of Runs B-2,-B-?A, B-2B and 5-2C were conducted while the
opperatures of other portions of the flow loop (e.g. ovon, fegd
block heater, recctor postheater) were varied. Generally the
ecterification rate was low and did not chanye aonraciabiy with

varying conditions. The blank rates were fit to a "homogeneous”

model of the fol owirg form.

Ton = %onPals (x.1)

"he cons*ant kZh was found for 531 the blank runs. The resulting

vairde oOf kZH is given in the following equation. The total pressure

vas assumed to be 93.5 kPa.

- 2
ey = (1.5:0.5)x10 9 oles/(min kPa®) (¥.2)

*f one takes a nypothetical case of a 50/50 ethanol-acetic

acid feed and assumes that the catalyst charge is 0.2 g, then the

calculated "homogenecus" esterificaticn rate would be I.5x10'9
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( 3.57)(0.2%)/0.2 1.6x1)) 7 moles/(min g cat.). This rate is
about two orders of magnitude Tower than the esteritication rate,
prevonted in Table o1, Therefore the oo fect of the "homogencous™
rate or the experimental catalystic ¢ - itication rate was
n ,lpctcd.

Afte  un o4 (see abile KU7) the feed of ethanol and acetic
actd was.stopped and the syoron foed value and cirvculation logr exit
valve wore closed.  Under these batch conditiont the progoess of
the coterification reaction was monitored for ten hours.  The feed
was assumed to be the average aroduct composition of Run £-4 and
the batch conversion as a function of time i5 shown in Figure K1,
Cven after 10 hours of batch cperation the conversion of ¢thannl
was oniy cbout 0., This indicates a low "homngoneous'  storifilation
rate and gives further justification tur neqlecting the homeqgeneous
reaction rate in the analysis of tne heteroageneous catalyzed

rear*ion rate.



TABRLE Kol

PXG PR IMENTAL RN i

DATE Critan)CTe N 1M/ Y/ 76

PP HOE R AT - 10 0 DL
N A N R GOV UM B,0311 AlM
AT ALY MASY 1.0000 6
R A R Y B A PR S FERN RIS ML/MIN

b

1 poT I I ,0N0 1/1000 0yt

o RIRFNS nL20 S0 00 Y i =—ny
PR N I NI HTH YV IMIY
T AL 2T 0 RATE L LAt =0 N E N/ MIN

PEOTUCT AMALYSTS MO PR
SMPLE Compiong NTS
# H2N FTIOHM ET20 FTAC
26 SIS RE A2 n .00 RPN
22 0. A W, A 0. 00 0.31
23 (65 Q7,78 1, 00 IR
24 . SN L N0 a0
36 PR R5 0 6h9 0. G0 N
37 0o R6a20 N.l13 O erte
1R AENg 7.0 ~ L 0N SIS
49) (AN fre Y4 0, 00 Y g2
LY e S Q7.59 N .0n K
L5 . SR QT 48N 0 e a0
e e e, B2 N. 01 0.32
324 Co0.23 7.41 0. 00 0.0
REACTINN ACID FTHANDL
TOIVER S TN CONVERS TON
z ¥
CTHYDRATINN ~ n. 03
SSTERIFICATINON .76 0,34
TOTAL 2.76 0.61
PALAMNCFS B "
FXCESS ETHANOL FYCFSS WATER
-Q,48 Z 1N.28 %
HYDROGFN NXYGEN
-0,16 Z N.33 2

Fg .3 KPA

A NENSTTY
/M1
RNV AYE|

| AR

CLlan e o

N -0

HiJAC

12435
17.71
.30
ic..y
21430

7

[
.

N

[

12. 19

RATC=  Nsxh
MaLES/
(#[=6 CAT.)
N.131
1,665

EXLELS AEQPESTER
3.0 %
LCARBUN
48.05 7

8

|

Iy

3



PAat b KL,
PR MM AL RN
VA T RESTRI R IR
[T N I A R S Ty .0 b 5, O
(DR e - N L.Ly RSOV 0,
oA Y AT = L0000 G
SR PR Frd oy AT AN
H
1 FoTom Lo L/ ey a0
! YA (1,40 O,
AVE G Mg W A INVAX|
Fovl Ay PEE Y RAT [ LR A B T P Y|
Pyt T ALY S P ML
SATTPLE Cr e TS
# TR poi (O H SN
4 (AR FERR O, 00N
“ B.7A (oo H0 ISR
£y (A 73,4 RIS
/ PR RN RRIA!
Q (v, N fiv ooVl NN
10 (RIS 7 .00 O, 00
[RIPEPA (47 N, 00
FEED N.30 78,0 ~, 00
PEACTION ACTD
TR TR S TON Cn
i
1e5¢

S OFTHANOL SXCFESS WATER
3.94 % 1.h3

EYDEIGFEN XY GEN
-l.14 % P 4

EXYCES

>
;-
1./ e
ERS S
L/ N

{,/)u][ [N
R
F/MIN

AL

FTHANOL
MEJE RS THN

38

IR R B
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!
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PPN C

CATE#=] 0576
SN
CAT,.)
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ML /TN

[

i
[ P !

MO
MO /MIN

Sl

P - T AL
o Ui 0, 33
. 00 //(),;{
(v e ity
g l,\. ‘lr
R D3y
. 00 Nadb
. 00 (RIS
.0 O g d
. 18] Oeah
.0 hoe ety
-—c —---=
. 00 Va3
» oy
. 00 1
T
ComNvi

TAN
CoN s r”/\| [RERN
A T f
by N [RER] 1 "y .0 [
Pt Piiei I SV R T
AT AL Yy ALY oo
Y M FEE D RATE A
i
1 RN Ve P71 e
E b AL o L
SME Ly 1 G i
oA S T ) (RN S
PR T AMA P T M b
SAREY SR A PR AN
4 b ETiH
11 O. 76 Tt o b 0
1. A [y "
13 . 05 BRI I (i
14 nLan L
15 e e ] )
14 e 6 77,10 0
17 Y, A T o s 0
18 S A o
1° . T 5
20 [ NASR T 0
0,74 T 65 0
FRED V.30 VERNRE 0
R T IAON ACTD
Corniyer S 1aM
b4
TEMVILDATION -
FSTRIRICATION l1.74
!ﬂT[«L 1.7[‘
PAL AN GRS
EUC-SS ETOANDOL FACESS WA
~1.729 % oL47
YOG EN Y GE
-N.38 ¢ . .73 Z

FXCESS

JMENS Dy STy
SWaS]|
[ERNARE!

1 .044

HOAC R

FATER1O%%6
MOLES/
(it CAT.)

/‘«C
4438
CARBON
-0.06 %

IDESTER

7
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TARE L K4
PYDER T NTAL RN -
DATE L anNhucTE D Yo/ 1/ 76
PRUING TR MO T L O D,
FTIR, AR IR S A MM D.92 3 ATM
CAT AL YT MASS = 1 L0000 6
GSY R NG Pes UATE RARNIC M{ /MIN
4
! ALY L 00 T/1000 0,080t —0]
0 HIYAC L h0 SO O, a4 T -0y
AVERAGLE M0, WT - GROVAG/MD -
TOVEAL P D RATE = 0 5504 =030 ML S/MIN
PROTUCT AMALYSTS MOLE X
SAMEf COMPOMENTS
# 1N - TiH ET020 tTAC
21 0.4 5. 81 0.00 SIPALN
2?7 O i/ 75,33 0. 00 0ot ?
23 0.1y 17 4 86 0. 00 AA
PR 0.5 TH.48 . OO e}
) o83 /Y . &7 e Y0 OV ats f
D 030 3.04 )e 00O 0 .00
REACTTINON ACTD FTHANDL
LOMYERSTON CONVERSTON
;4 P4
Nkriy [ TION -~ -
CSTeRIFICATION 7.18 De6b0
TOTAL 2.18 0.60
BALANCFES
EXCESS FTHANNAL "XCFESS YWATFER
~2.17 Z B.9398 %
HYNRNAGEN XY GEN
~N.53 % 1.33 %
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t3
D3 . KPA
G/HTN DENSTITY
G/ M
D 1998t ~0] 0. 791
Oalla it =0 ] « OO 4

HOAC
2288
>‘7>./H')
2l o /6
J3e 12

21 .65

HATFE*105% %6
MOLES/
(i IN=G CAT L)

2.678

FXCFESS ACID,ESTER

71.52 %
CARBON
-0.06 %



TARL B KoS
XD RIMEMTAL RIIN n-2
ARG R RISTRINTAN FI 1>/ W /16
bty PP MO PR ATURY — 1.0 DG, C
NN RN A Rl - A0S MMEG 20,9231 ATH
CAT AL Y ST MASS = 10000 6
YR IMIE FEE o RATF PANGE ML /MM
#
| T SO0 121000 L0 nE =0
R HOAC N, a0 SO 0069 1 =00
AVE A M, WT = 48,90 G/MOLLE
TOTAL FHED RATE = DS AL =03 M EFES/MIN
VN
PROCUCT ANALYSTS MOt E %
SAMPL - Ctmapnpe NTS
H H20 FTIH -T20) FTAC
v 0.91 79 .00 0,00 0.51
28 N, HQ 79 o3 Y. 00 Ue37
0.0 T5.77 Ve O O oh 4
D N.30 78,04 0. 00 000
REACTION ACTID FTHANMDL
ChryieER STOM CONVERSTON
4 Z
NEHYPRATINN - -
FSTERISICATION 2.05 0.7
TOTAL 2.05 0.57
BALAMCES
EXCHSS FTHAMOL EXCESS WATER
-2.92 Z , T7.05 %
SYDRPNOGEN NALY GEN
~-0.84 % 1.82 %

"
93 . KPA
PR
G/MIN I MSTTY
(v /11
e lasi--01 O 791
Do i2uit-=02 [EPRECRL
HOAG
23,56
2329
Yi.43
21«65
RATE RO %6
MOLES/
(MIn=G CAT.)
2479
YW 19
EXCFSS ACIDLESTER
10.26 %
CARBON
-0.05 %

192



TABLE K.
PXPERIMENMTAL DN
VAT CONDUCTEDN
RUIN TEMPIRATIRE=  135%.0 DEGLC
RAITN PRESSHRYE - TO 3.5 MMHG =0,
CAT ALYST  MASS = 1.0000 6
SYRIMNGE 148D RATF RANGE
# ’
1 - TIIH 20,00 171000 O,
2 HOAC 0 .40 SO0,
AVERAGE MO, WT = H0.01 G/M
TOT AL FEED RATE = 0.41011F-03 MOL
PRODICT ANALYSIS MO F %
SAMPI T COMPONENTS
H20 FTOH ET20
30 087 7,39 0,00
31 1.00 77.36 0.00
32 NnL.81 72.03 0.00
373 (Vo h TO 70 0. 00
34 0.7 AT.58 0.00
a5\e 0,0 71.16 0.00
36 N.922 Ll e 25 N .00
27 1.01 H6.28 0. 00
38 0.7 A9 .66 N .00
39 1.01 68,5 0.00
N.91 659449 0.00
FEED 0.35 70,27 N.00
REACTINN ACTD
CONVERSTOM s
’ 4
NEHYDRATINON -
FSTERIFICATION 1.63
TOTAL 1.63
WL ANCES
FXCFSS FTHANDL FXCESS WATER
-0.41 % 9.16 %
HYDPNGFEN NXYGEN
-0.13 %

N.16 Z

6
\

H_ \“,3
127 1/176
9231 ATM = 93.5 KPA
ML /MIN G/ZMIN DENSTTY

(v /ML
=01 001 iab =01 0. 791

G LE-0Z2 O 24 (-0 1.044
oyt
FS/MIN

FTAC HOAC

.43 26H43%

0ett 5 26H LT

et 6 26.68

045 27.98

0. 44 29.16

() .43 27.40

Ned 3242

0.51 32.18 ’

0.57 32.78

0.53 29.91

0.48 29. 10

0.00 29.37
FTHANOL RATF=10%%6
SVERSTON MOLES/

Z (MIr=G CAT.)
0.68 1.973
0.68 1.973

EXCESS ACIDLESTER

0.74 %
CARBON
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TABLF K.7 .
L
EXPERIMENTAL RIIN B- 4
DATE CONDUCTED 12/ 2/176
RUN TEMPERATURE - 'I}G.n NFG.C
RIUIN PRESSURE= 70402 ""MHG =0.9240 ATM
CATALYST MASS = 1.0000 &
SYRINGE FEFD RATF RANGE MI/MIN
#
1 - TOH 20,00 1/1000 0.1677E-01
? HOAC 080 50 0.1388+-01
AVEPRAGE MO, WT = 52.21 G/MOLF
TOT AL FEED RATE = 0.5316K=03 MO FS/MIN

PRODUCT AMALYSITS MOLE 7

MPLLF CUMPONENTS :
# H20 FTOH ET20 FTAC
5 1.19 52,77 0.00 0.63
6 1.25 50.05 0.00 0.73
7 l1.16 52.57 0. 00 0.63
8 1.29 51.21 0.00 0.66
9 1.16 513556 0.00 0.62
10 1.39 55463 0.00 0.68
11 1.24 50.35 0. 00 0.63
12 1.25 49.21 0.00 0.66
1.24 51.60 0.00 0.66
FEED 0.46 54 .21 | 0.00 0.00
REAC TION ACID FTHANOL
COMVFRSION COMNVERSION
z ¢4
NEHYNRATINN - -
FSTERIFICATION l.45 1. 21
TOTAL ™\ l1.45 1. 21
BALANCES
EXCFSS FETHANOL FXCESS WATER
-3.59 % 11.13 %
HYDROGEN NXYGEN
~-0.81 % 1.25 %
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L KIPA

PDENSTTY
G /ML

0.791

1.044

G/MIN

0.1 }X(’)l“—()l
0.14490-01

HOAC

45,93
47.95
45462
46 .82
46 .64
42.28
47,75
48.86

46 .48

45.32

RATE=10%%6
MOLE S/
{MIN=G CAT.)

EXCESS ACID,ESTER

4.02 %
CARBON
-0.12 %
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APPENDIX L
s CATALYST DEACTIVATION

No cata?yst deactivation was observed during dehydration
runs but exposure to aceiic acid (or ethyl acetate) caused a
decrease in catalyst tivity, It was necessary to know the
effect of café]yst deactivation on veaction rates so the rates
could be adjusted and compared on the basis of fresh catalyst.

The catn]y;t batch used for Runs XII-1 through XVI-2 and
Pu L 1-1 through EVI-3 (see Tables £.2 and E.3, charge 43
batch 7V was ?nactiVAted by two different mechani;ms. In loading
‘his batch ~to ¢ —oactor it 1S probable that a certain amount
of deactivar o+ v 1 as g result of ov o rheating. (See Section

4.4). In F ur: .. o point for unadjusted Run XII-1 fell about

10% below the 1in o, % .anol feed points. The rates %or the runs
affected were corrected 1 v =17 (220 deactivation by reducing the
total charge mass from . - 02550 gq.

During the time whe - =17  :Zic” runs were being carried
out, attempted repeat runs of. 1 aben after 24, 57
and 83 hours of expssure to ace 1. ~aark yith the
dehydration reaction it was knpowm % coow s oot
deactjvated due to exposure to the 7 “vnd in
dehydration. It was possible t2 con. oy ehydr.
runs ‘after many (.20) hours of Ope:
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The unadjusfed points for Runs XIT.2A through XI1-8 were
plotted on Figure 1.1, on fhis rate versus conversion plot the
points fall well below the expoctqd ethanol feed line (at_]350t)\
A deactivation ratio 7s defined sugl that.when-the actual amdunt
of catalyst is multip]ieq by. the ratio the adjusted rate falls on

the Tine. The deactivation ratios as a function of the exposure

time to acetic adid are tabulated in Table L.7.

TABLE .1
DEACTIVATION RATIOS

-Deactivation : Exposure Time
R Ratio e _(hours)
XIT-2A, XI1I-6 0.919 24
X11-7 ‘ 0.845 57
X[1-8 0.768 83

The rate of reaction adjusted for fresh catalyst is the experimental

rate divided by the deactivation ratio.

The deactivation data was fit to two functions. The first

involved a linear decay in catalyst activity.

Ry =1 - 0.002867% | (L.1)

*

The deactivation ratio is,Ré\Qnd L 1s the number of hours the
catalyst is exposed to acetic acid. The second fitting equation
involyes an exponential decay expré;sed as follows,

Ry = e /T (L.2)
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]
The value of the time constant 1 is about 320 hours. Both equations

fit the deactivation data to approximately the same accuracy,
therefore the simpler linear equation (1.1) was used.
The deactivation ratio as a function of time is shown 1in

) R
Figure L.2.
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APPENDIX M
ESTERTETCATION RUNS .

This append:x contuins a summary of all the esterification
runs.  these are presented in tabular form (fables o 01 throush #.32)
and a sample calculation for one of the runs is givén below.

The calculation is for Run ETI1-83, Table M.21. The first
five Tines of the table state “he table number, run nurdor, date of
the experiment, the temperature and the pressure (the nrossure
reading inomm Hg 1s corrected for teos roture and Tatitude by
subtracting 1.9 mm). The catalyst ﬁas% and etfective mass are
qivéﬁ\ﬁgxt; The relationsnip between these two nasses and the
deactivation ratio is presented in Appendix L.

Given the rate settings for the syrinqges the fred rates can
De ca]culated (see Appendix F) and knowing the composition of each
feed mixture (given in Appendix H} the overall feed composition and
feed rate can be calcutated. The product analysis for each sample,
the average analysis and the feed composition are then presented.

Given the above information it is possibie to calcula‘e the
conversion and rates. The basiz - 100 moles of feed and in the
subsequent equations the symbol 4 foilowed by a compopnent refers
te the moles of that component in the product minus fﬁe moles of

the component in the feed. The conversions are calculated as follows:
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COAETONI00/ETOH, in

Y .
2L0.70-0.0)100/49.50 0 ).8%
X, CETACYTIO0/ETOH, in
(9.21-0.03190749 .50 19.433%
- X (2 E I ACTHIDO/H0AC, in
~.__ ./ 3
(2.31-0.07100/49.9 - 19.63%
X] CLothe conversicn of othanol to cther and X, 13
[
ethanol to ester.

the conver<sion of

L. 9s the ~erver aon of acetic acid to eoster.
D

The ethanol feed rate i calculated as follows.

/Y
AU

r -
LTOH

Total Teed Rate) TLTOH,in/100)
= 2,700 T(4507120)

DR f0i5/min)

(M.4)

The dehydration and esterification rat 5 are now calculated using

equation C.3.

(F i
Fegy (7000
(3 cathRj '

11.3441077)0.008
(0.20570.340

-4 . .
0.65x1C° " (moles/(mir g cat.;)

r Y
K'ETOH'(XZ/1OO)

(g cat.] Ry

(1.32x192)0.1983
(0. 20477 40

15.50410° (mo]es/(mfﬁ g cat.))

~

(11.5)

M.6)
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The i torm of the & 0"

centod bedow. The < " 0] ¢

[) i

oo e

i

8 tor o particular cemponsn: .

sthanol, water and acetio acid oo ter

PTOH e LT0 ¢ 8 TAC
J(0.00-0.0) 1 (9
45,77 moles
Ho0Le o ! CoETAC
. g ({.’ 9 01 0,49 -

AL, aut

.07 v oSl

The "excess etinmol",

are caicalatad according

Cxcess Cthanol = (L
= 1. 77-
= -1.42%
Excess vwWatoo = (H,0,0ut-
fa

I

Doy
-..00n

Excess Acis-Ester

=

1

"oxcess water'e

(9 21-10.

TIAC

51.

+2.61%
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balance (diveuccd in Appendix

cters to the o ed number

The oo traated onats of

are caloulated ol Tows s

IO out

HZO,IH

10,50 moles

HOAC, out

18 = 51.77 moles (11.9)

-

ard Moxcens acetic acid-ester®

Lo L cquations given below,

TOHL,2-ETCH, in) TO0/LETOH, in

43.53}120/49.50

HZ 20.

50)100/10.50

0,0)100/H

fo]
<

(M.17)

F""\P

SO
¥
I

,G—{HQﬁ?,intﬁIﬂ?,iﬂ)]]OO

:7 I ‘,‘771 + o T/A\t 5 i nj
< 3-49.99)100/49.95
(M.12)



£ the e balance dnvolved comparing the

The wecond forr o
neimbe o molen of by caen, osyagen and carbon with the number of
o len of thess element ooin the nvoduct (on the basis o 100 moles
af feed). The moles o the three olements in the feed tor Run

Eled- e caloulated an the vquation given below,

7/
Hoin P(Hyf‘in) coo(ETon in) oy 1(TT0) v SLLTAC, i) ¢ J(HUAC,in)‘
S0 fan s0) v 10(0) ¢ s(0) F 4(49.99)
397 0 moles " (11.13)
0,in 1(5i2.),i:1) + 1(LTOH, in) ¢ 1({ir2()) +PTETOH In) + é(IHJA(‘,in)
1O v (7 150) + 10n.0) v 2(0.0% v 2(49.99)
14737 noles A ' (11.14)

v Coo Y din) o+ J(ETOH,In) o+ Q(FYZO,in) + H(FTAC,in) + Z(HCAC,in)
) oo o) e G(0l0) - 2{19.99)

- 782,93 rales (136} -

™n oan analogous fas ion the moles of each of these elements in the

oroduct can be calculated.

i, o 5(72.56) + 10(0.2) + 8(9.81; + 4(41.48)
nole:s (41.16)
== 109,37 + 1733.55 + 1(0.2) + 2(9.81) + 2(41.48
= 151.25 mol." (M.17)
C,out = G/9.91) + 2(33.56) + 4(0.2) + 4(9.81 - 2(41.48)

.12 moles (1.18)

I
™~
(@]
<



The hydrogen, oxyqgen and carbon balances in Table M.21 are calculated
/

8

helow.
Hydvoagen Balanee  {(SH)100/H,in

(-0.36)100/497 .94  -0.0%%  (M.19)

Oxygen Balance - {:0)100/0,in

(1.28)100/149.97 - 0.857 (M. 2(

Carbon Balance = (+€)100/C,in
= (1.14)100/198.98 - 0.57% (M.21)

Due to round off errors the numbars given above do not correspond

cxactly to those presented in Table 1.21 for Run EITI-6.
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TABLE M.l

FXPERIMENTAL RUN - 1
DATE CONDUCTED 9/ 2/776

RUN TEMPERATURE 1>5.0 NEG.C

RUN PRI CSURE H-OAR L3 MMHG =0.9163 ATHM = 92.8 KPA
CAT AL YST MASS Nn.2485 6 SOFACTIVATION RATTIN=0.994
FEEE CTIVE MASS — 0.2471 G .

I

SYRIMGHE CEED RATF RANGE ML/MIN G/ZMIN  DENSITY
1t G /ML
1 XX 1 30.00 1/1000 0,.25260-01 0,2218t-01 0.878

S0L67 G/MOLE
0.463771—-03 MOLES/MIN

AVERAGE MO, WT
TOTAL FEED RATE

Al

PROMICT ANALYSITS MOLE %

SAMPLE COMPONENTS ,
# H20 £TOH ET20 ETAC HOAC
14 25.94 3742 1.04 ™ .48 10.09
16 27,21 35,79 0.99 26 .84 9.10 -
18 27.02  36.69 0,92 76436 9.00
19 26,38 37.53 0.92 26 .14 9.00
20 20,74 37,78 0.8% 26 .74 9,24
21 26.31 37.36 0.89 26 .16 9.25
22 27.13 36.60 0.83  .26.30 9.11 .
23 27.12 36.51 0.89 26 .67 8.78 ‘\
26.73 36191 0.91  26.22 9.19
FEED 0.43 6£5.28 0.00 0 .00 34.28
REAC TION ACID ETHANOL RATE*10%%4
CONVERS TON CONVERSION MOLES/
4 Z (MIN%G CAT.)
NDEHYNRATINN - 2.81 0.325
ESTERIFICATION 76 .49 40.17 4. 645
TOTAL ' 76 .49 42.99 4.971
BALANCES
EXCESS FTHANOL FXCESS WATER EXCESS ACIND,ESTER
-0.45 % -3,04 % 3.32 %
HYDRNG OXYGEN CARBON

0.20 ° 0.86 % 0.84 %



RUIN
RUN

TEMPERA
PRES

CATALYST M

EFFE

CTIvt M

SYRINGF  FF

#
1

F Y[)
YA

TURF
SURE —
ASS
ASS

ED

XX 1

AVERAGE MM, WT
TOTAL FFED RATF

TABLE M.2

FRIMENTAL RUN [- 2

It CONDUCTED 9Qf 2776
125.0 NDFG.C
6HEAR L3 MMHG =0,9163 ATM = 92 .8 KPA
N.2485 6 yNFACT IVATTON RATIN=0.991
O.2464 G
RATFE RANGE ML/MIN G/MIN DENSITTY
. G /ML
30.00 1/ 100 0,2517F 00 0.22108 00 0.878

= 50.67 G/MOLE
= 0.4361F=02 MOLFS/MIN

PRODUCT ANALYSIS MOLE %
SAMPLE

#

26
27
28
29
30
31

FEEB
RF AC

DEHY

TION

DRATINN

ESTERIFICATION

TOTA

L

BALANCES

EXCESS FTHANOL

-1.02 %

HYDROGFN

-0.18 %

CUMPONENTS
H20 FTOH ET20 ETAC HOAC
11.65 . 52,73 0.19 10.85  24.5%
11.78 53.22 0.20 11.14 23.63
11.42 53,39 0.21 10.99 23.97
1,54 53,36 0.20 10.95% 23.92
11,20 53,18 0.20 10.84 24 .56
10.89 53.44 0.21 11.01 24 .42
11.41 53,22  0.20 10.96 24 .17
0.43 £5.28 0.00 0.00 34.28
ACID HAMOL RATE=]1 Q%4
CONVERSION CONVERSION MOLES/
y 4 4 (MIN%G CAT.)
- 0. 63 N.735
31.98 16.80 19.412
31.9: 17.43 20.148
FXCFSS WATER EXCESS ACID,ESTER
-1.61 % 2.50 %
NXYGEN CARBON
N.63 % : 0.18 2
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TABLE M.3
EXPERIMEMNTAL RUN [-.3
DATE CONDUCT D 97 2/76
RUN TEMPERATURE~  125.0 NKEG.C
PUN PRESSURFE = A98,.3 MMHG =0.9163 ATM = 92,8 KPA
CATALYST  MASS = 0.,.2485 G fDEACTIVATION RATIN=0.990
FEFECTIVE MASS ~ 0.2460 6
SYRINGE  FEED RATE RANGE ML/MIN G/MIN  DENSITY
# ‘ G /ML
1 XX 1 100.00 17 100 0.B600F 00 0.7550F 00 0.878
AVERAGE MO, WT = 50.67 G/MNOLE
TOTAL FFEED RAIF = 014H3F-01 MOLFS/MIN
PRONDUCT ANALYSIS MOLE %
SAMPLE COMPONENTS
# H20 FTH ET20 ETAC HOAC
34 4.71 59,90 0.00 4034 31 .04
35 4 .95 60.76 0.00 4.18 30.09
36 4o 49 59.47 0.00 4.03 31.99
37 4. 60 6007 0.00 4413 31. 18
4. 69 60.05 0.00 4,17 31.08
FEED 0.43 65.28 0.00 0.00 34.28
REACTINN ACID F. NOL RATE=10*%4
"CONVERSTON COMNVERSION MOLES/
4 4 (MIN=G CAT.)
DEHYDRATINN - - -
ESTERIFICATION 12.18 6.39 25.293
TOTAL 12.18 6.39 254293

BALANCFS

EXCESS ETHANDL

FXCESS WATFR

-1.61 % 1.79 2
HYDROGEN NXYGEN
~0.42 % N.72 %

EXCFSS ACID,FSTER
2.82 %
CARBON

-0.08 %



TABLE M.4
FXPERIMENTAL RUN Ir-
NATE CONDUCTED 9/13/76
ROUN TEMPERATHRE- 125.0 NFEGL.C
RUN PRESSHRE =~ 702,64 MMHG =0,.9219 ATM
CATALYST  MASS = 0.2485 G yNDEACT IVAT

FREECTIVE MASS = 0.2450 6

SYRINGF FEED RATF RANGF MLL/MIN

# .

1 XX 1 AOL.00 171000 0.5075F-01
AVERAGE MO, WIT = 5N.67 G/ANLE
TOTAL FEED RATE = 0.8793F-03 MOLFS/MIN

PRODUCT ANaLYSIS MOLE %

SAMPLE COMPONENTS
# HZ20) FTOH
9 20.55 H3 .94
10 21.07 43,21
11 S 20,90 43 .65
12 21.22 43.31
13 21.15 43,18
14 21.80 42.75
5 20,94 43,30
21.09 43,34
FEED 0.43 65 .28
RFAC TION ACID
CONVFRSTON
b4
NFHYNDRATION -
FSTFRIFICATION 60,98
TOT AL 60.98
BALANCFS

FXCESS ETHANOL .

ET20 ETAC
0.84 20.55"
0.81 20 .86
0.83 20.85
0.78 20 .78
() .84 2114
0.80 21 .37
0.79 20.79
0.81 20.91
0.00 0.00

FETHANDL
CONVERSTUN

Z

2.50

32. 03

344 53

EXCFSS WATER

0.92 % -4.80 %
HYDRNGEN NX YGEN
0.63 % 0.34 %
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1

= 93,4 KPA
10N RATIO=0.915

~

G/MIN DENSITTY
G/ ML
0.878

O.4456—-01

HOAC

14.10
14.02
13.74
13.88
13.66
13.25
14.16

RATE#10%%
MOLE S/
(MIN=G CAT. )
0.587
7.503

EXCESS ACID,FESTER
1.33 %
CARBON
1.06 %



TABLE M.5
FXPERIMENTAL RUN I1-
DATE CONDUCTED 9/ 13/76

REIN TEMPERATURE 13%.0 DEG.C

LN PRI SSIIE T02.6 MMHG =0.9219 ATM
CATALYST  MASS = 0.248% G fDEACTIVAT
FIFECTIVE MASS 0.2643 G

!

I

SYRINGE  FEED RATH RANGE ML /MIN
ft
1 XX 6000 1/71000 0.5075E-01
AVEFRAGE MNL ., WT = HYOLAT G/MOLE
TOTAL FFED RATE = 0. 793E-03 MOLES/MIN:
PRODUCT ANALYSIS MOLF % _\\\‘JN
SAMPL F COMPONENTS /
# H20) ETOH ET20 ETAC
19 19.67 bl 45 1.09 18.38
20 19.77 44,53 1.07 18.08
21 19,77 bty 22 1.16 13 459
22 L19.72 Liy o 43 1.17 15.20
23 . 39,40 thty 92 1.19 18.30
24 19,47 44,98 1.14 18.18
27 19,24 4l 82 1.2% 19 .52
28 19,68 44 €6 1.20 18.28
29 19.00 45,09 1.71 17.93
30 . 19.587 G4 43 1.17 18.13
19.53 44 .61 1.16 18.26
FFED 0.43 65.28 0.00 0.00
REAC TINN ACID FTHANOL
CONVFERSTON, CONVERS TON
' 4 ¥
DEHYNDRAT ION - 3.56
FSTFRIFICATION 53,25 27,97
TOT AL 53,25 31, 54
BAL ANCFS
FXCESS FTHANOL FXCESS WATER
-0.11 % -1.61 %
HYDROGEN OX YGEN

0.09 % ) N.29 %

2

= 93,4 KPA
[or RATIN=0,983

G/7MIN  DENSITTY
G/ML
D.4456-01 0.878

HOAC

16.38
16.53
16.28
1H.50
16. 17
16.20
16,45
L6425
1674
16.67

RATE®10%%4
MOLE S/
(141N =G CAT . )
0.838
6.571

7.409

EXCFSS ACID, ESTER
l.15 %
CARBON
0.32 %
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EXPERIMENTAL
NATE CONDUCTED

RUN TEMPERATURE -
RUN PRESSURE =
CATYALYST MASS
FIrEECTIVE MASS

SYRINGF FEED
it
1 - T0OH

2 HOAC
AVERAGE M0 . WT
TOTAL FEED RATE

PRODBUCT ANALTYSIS
SAMPLE

# H20) FTI FT20 FTAC
9 4. (0 B4 . 48 0.89 3.84
10 4,48 85430 0.78 3 b4
11 4a5Hb RYTIRED] 0.91 3.690
12 Gha 62 R4 439 0.82 3.59
H.57 84 .67 0.8% 3.64
FIEED 0.22 89444 0.00 0.00
REACTINN ACID FTHANDOL
' CONVFRSION CONVERSTON
% oz
NEHYDRATINN - 1. 91
FSTERIFICATION 35.29 4,07
TOTAL 35.729 53299
BALANCFES
FXCESS FTHANOL FXCESS WATER
N0.65 % -3.12 %
HYDROGFN XY GEN
-N.39 %

N.25 %

1

I

TABLE M.6

- 1-
12/ 6/76

RUIN

135.0 DFEG.C
HIY. 3 MMHG
N.20460 G

N

=0.01 70 ATM
yDEACTIVAT

0.2017 G
RATF RANGE ML/MIN
15.00 17 100 0.1214F 00
0.80 50 0. 13881 ~01
47,38 G/MNLE

0.,2332F-02 MOLEFS/MIN

MOLE %

COMPONENTS

211

1

92.9 KPA
RATIO=0.988

[

G/MIN l)lt\NSITY

G /ML
0.9604F-01 0.791
0.1449F=-01 1.044

HOAC

6417
5697
6030
bHaehH5

10.32

RATFE=10:=%4
MOLEES/
(MIN=G CAT.)
1.980
4,216

FXCESS ACIDESTER
-4.17 %
CARBON
0.15 %
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TABLE M7
FXPERIMENTAL RUN tI1- 2
DATE CONDUCTED 12/ 6/16

!

135.0 DFG.C

RPUN TEMPERATURT i
TOT.9 MMHG =0,9210 ATM

RN PRESSHRE -
CATAM. YST  MASS = 0,2040 G yOFACTIVATI
FEFECTTIVE MASS - 0.1998 6
SYRINGFH FEED RATF RANGE ML/MIN
#
1 70k 30,00 1/71000 0.2526F-01
7 HOAXC 6600 50 0.,1041F 00
AVERAGE MOV, WT = 57,01 G/MOLE
TOFAL FEEND RATE = 0.2257F-02 MOLFS/MIN

PROMUCT ANALYSIS MOLE %

SAMF COMPONENTS
# : H20 FTOH ET2N ETAC
21 10,53 795 N.00 10.18
22 11.25 8.01 0 .00 10.68
23 10,51 Rel2 0.00 9.8
24 10.76 616 0 .00 10.20
25 10.27 J.50 0.00 10.08
26 10,566 7.00 0.00 9,75
10,67 Tebb 0 .00 10.15
FEED | N.69 19.23 0.00 0.00
REAC TINN ACID FTHANDL
CONVFRSTON COMVERSTON
;4 Y
DEHYDRAT ION - -
SFSTERIFICATION 12.67 52. 16
TOT AL 12.617 52. 76
BALANCES
EXCESS ETHANDOL EXCESS WATER
-8.44 % -1.57 %
HYDRNGEN NXYGEN
0,66 % N.99 %

= 93.73 KPA
ON RATIN=0.979

G/ IN  NDENSTTY
G /ML
0.791

1044

0.,1998F-01
0.1087& 00

HOAC

71.32
T0.04
T1.37
12.86
12.07

RATF#10=%%
MOLES/
(MIN=G CAT.)

11.466

11.466

EXCESS ACIN,FSTER

2024 %
CARBON
0.17 %
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FXPERIMENTA
DATE COMDLU
RUN TEMPT RATURE - 135.0
RN PRIFSSURF~- 704.9
CATALYST MASS = 0,2040
FITECTIVE MASS — 00,1971
SYRINGF FEED RATF
#
1 FTOH 15.00 1
2 HOAC N80
AVERAGE MNL. WT = 5
TOTAL FFEND RATE = 044585
PROVUCT ANALYSIS MQOLF %
SAMPLE COMPONFENTS
# H20 FTOH
30 27.22 17494
31 25.28 18.10
32 76 .88 19.25
33 ?5.08 19.41
34 27422 18411
35 2.1 19, 24
36 27.04 18 .67
26 4359 18.76
FEEED 0.51 46494
REAC TION ACID
TOMVERSTN
r4
NDEHYDRATION -
ESTERIFICATION 50.59
TOT AL 50459
BALANCES
EXCESS ETHANOL EXCE
HYDROGEN
N.14 %

TARLE M.8

. RUN I -

CTED 12/ 6/16

NrEGLC

MMHG =0,9250 ATM = 93,7 KPA

G ,IH'ACTIVATII]N RATIO=0.966

G

RANGE MILL/MIN G/MIN, DENSTTY

G/ML

/1000 0.1252E£-01 0.990/7F-072 0. 791

50 0.1398F =01 0.1449£-01 1.0440

3.21 G/MOLE
=03 MOLES/MIN

EFT20 FTAC
N.45 27.03
Na38 27.00
35 26He12
0,40 26 .95
0 .38 26404
0.4l 27 .09
0.40 25.89

FTHANOL
N CONVERSTUN
;4
1.70

SS WATER
4410 %
NXYGEN
le26 %

HOAC

27.34
29.21
27.37
28.13
28.23
e 91
21.98

27.89

5254

RATE#10%%4
MOLE S/
(MIN%G CAT.)
0.186
6.184

EXCFSS ACID,ESTER

3.68 %

CARBON
1.15 %
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TABLE M.9
EXPERIMENMTAL RUN ) El- 4
NATE COrDUCTED 12/ 6/76
RUN TEMPERATHRE =  13%,0 NFG.C
RUIN DRESSURE-= T o QO MMHG =(0,0250 ATM 03,7 KPA
CATALY ST  MASS = 0,2040 6 SOPACTIVATION RATIO=0.963
FREECTTIVE MASS = 00,1964 ¢
SYRINGE  FEED RATE RANGE ML/MIN G/MIN  DENSITTY
# G /ML
1 FTNH 30.00 1/ 100 0.2517F 00 N.1991F 00 0,791
7 HOAC 15.00 50 0,2603E 00 Ol F 00 1.044
AVERAGE MM, WT = 57,97 G/MOLE
TOTAL FFED RATE = OLARKEOF=-02 MOLES/MIN
PrRODUCT ANALYSIS MOLE %
SAMPILE COMPONENTS
# H20 ET ET20 ETAC HOAC
37 5.R8 44,31 0.07 5.59 44,13
39 6,15 432,30 0.09 5 o611 h4 .83
40 6.05 43,13 0.10 S.46  45%23
4] .91 472,16 N, 08 5.58 46424
42 6H 06 42,260 0.09 5.45 4hH 413
432 hoO2 43,78 0.08 54T 45,02
Paa 6H.10 4N, 26 0.08 5.3% 48419
45 5,88 472,49 0. 08 546 46 .06
46 5.96 4P, 49 0.09 5432 46412
6.00 42 W64 0.08 5.4&\ 45 .17
N,
FEED 0.49 48 .67 0.00 0.00 so,gz
REAC TION S FTHARNODL RATFE®10%%4
COMVERSION CONVERSION MOLES/

. % S fMIN®G CAT.)
NEHYNRAT ION - 0.36 0.811
ESTERIFICATION 1N,78 11.25 24,796
TOT AL 10,78 11. 62 25.608
BALANCES
EXCESS ETHANOL FACESS WATER EZCESS ACIDLESTER

-0.74 % -1.07 % 0.84 %

HYDRNOGEN NXYGEN CARBON

-0.12 % N.,28 % 0.06 %



| XPF
AT
RUIN TEMPERATURYE ~
RUN DRESSUP £ -
CATALYST  'ASS -~
FEELCTIVE 3ASS =
SYRINGE FEFD
1
1 YO
? HOAC
AVERAGE MOL . WT
TOTAL FEFEED RATE =

TABILF M.10
RIMENTAL RUN I
FCONDUCTED 1/ &/176

120.,0 NG L.C

TO07 .0 MMEG =0,9250 ATM
0.2040 G y DEACTIVAT
0.1958 6
RATE RAMGFE ML/MIN
30.00 1/ 100 0.25178 00
15.00 50 0006035 00

57297 G/MDLE

0.88898F-02 MOLFES/MIN

PRODUCT ANALYSIS MOLFE %
SAMPLF COMPONENTS
# SH2n ETOH ET20 ETAC
48 9,37 30,22 0.00 B8.85
49 9,38 40,12 n.00 9.01
50 .51 39.19. 0 .00 8.99
51 8.89 39,26 0.00 9.18
52 N 9.69 37,74 0 .00 9.25
53 I 9,43 37,75 n. 00 9,62
54 9,68 38 .32 0 .00 9,22
9,42 38 .80 0.00 9.16
FEED 0.49 48,67 0.00 0.00
REAC TINN ACID ETHANNL
CONVFRSION CNMVERS TON
b4 g
NEHYDRAT INN - -
ESTERIFICATION 18.03 18. 82
TOT AL 18.03 18. 82
BALANCES

EXCESS ETHANOL
-l.44 %
HYDRPNGEN
-=0.18 %

FXCESS WATER
-2.38 2
IXYGEN
Neb62 %

215

1

[N

93,7 KPA
RATTIN -0 .959

DENST TY

G /ML
0.791
L0444

G/MIN

O0.1991F 00
N.2/7176 00

RATE*10%%4
MOLE S/
(MIN*G CAT.)

EXCESS ACID,ESTER
1.84 %
CARBON
0.23 %
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—
TARLE ML, 11
EXPERIMENTAL RN Fly- 20
NATE CONDUCTED 127 /1706 "
PUN TEMUERPATURE = 170.0 DFGLC
RUIN R CSHRE - TO1,7 MM 20,0707 ATM = L, KPA
CATALYST  HMASS = 0.7040 G L0 TIVATTON RATIO=0 .05
EREECTTIVE MASS = 041941 6
NRINGE  FEED RATE RANGE ML/MIN G/MING DENSTTY
# G /ML
) £ T0H 15,00 1/ 100 0.1214F 00 O.0n04F =01 0.791
2 HOAC 0,30 50 0.13BHE-01 Culaa9b~0]1 1.044
AVERAGE MO, WT = . 47,38 G/MMF
TOTAL FEEN RATE = 0,2332F 020 MOLFS/MIN
B
\
PRODIGCT ANALYSIS MOLE ¥
SAMPLE COMPONENTS
# H20 ETOH FT2N ETAC HOAC
7 S .44 R3,84 0.38 5,37 4294
8 5.90 82, €5 0.40 5,32 5.50
9 ; 5.82 A2, 63 0,42 5. 76 5,35 N
10 \ 5,90 a2, 85 0.36 5,29 5,67
11 5,81 3,00 0.39 5 4 b 5.32
12 £.00 a2, 17 0,39 5.51 5,83
13 5,71 83,13 0.9 5.50 5.26
5.81 82.92 0.29 S b h 5,39
FEED 0.22 89,44 0.00 .00 17,32
FEAC TION ACTD FTHANNL CATE#10%%4
CONVERSTON CONVERSTON MOLFE S/
v4 @ (MIN%G CAT.)
DEHYDRAT 10N - 0.88 0.949
ESTERIFICATION 52.38 6. 10 AeSAY
TOT AL 52.88 6. 98 7.514
BALANCES
EXCESS FTHANOL FXCESS WATER FXCESS ACID,ESTER
-0.29 % -4,32 % 5.16 %
HYDROGEN X YGEN CARBON

-0.00 % N.48 % 0.26 %
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TABLE M.12
PERIMENTAL RUN 1T~ 3
ATt CONDHCTED 177 /76
.
ot TEMDE RATURE — 120.0 DG C
PUIN PERESSURE = TO1.0 MMHG =0, ATM Q3.2 KPA
CATALYSIT MASS = 0.2040 G <t IVATTON RATINZ0.945%
fHEECTIVE MASS = 00,1929 6
SYRINGE  FEED RATH RANGE ML/M U G/MIN  ENSTTY
it G/t
1 F T .00 1T/1000 D082 =-01 0,19981~-01  0.791
2 HOAC 6H .00 S0 0.10418 00 O.1087F 00 1.044
AVERAGE MO, WT S57.01 G/MO
TOTAL FEED RATE = 00220 7F=02 MOLES/MIN

PRODUCT ANALYSTS MOLE 2
CAMPLE COMPONENTS
# H20) FT0OH ET20 ETAC HOAC
5 13, 74 S.51 0 .00 12.79 HT .95
17 12046 He?9 0,00 12 .89 69 e 34
18 13056 S.87 0,00 LZ2.ov 653432
19 12469 e 28 0,00 12 .85 8. 16
e 13.50 S5l 0.00 124717 6HE W5 T
21 10, A4 A 0, 0 Lol bt 39
72 15,41 5433 0,0 12.71 HhB.52
23 12.75 D Hh 0. 00 13.02 68 .65
24 13,24 5.13 0 .00 12.41 69,20
1 11 RILE 0.00 12.79 68.57
FEFD 069 19.2°7 0.00 0.00 830.06
REAC TINN ACID FTHAMNOL RATE#10%%4

MOLE S/

COMIVERSTON CONVERSTUN

4 A {MIN*G CAT.)
DEHYDRATION - - . -
ESTERIFICATION 15.98 At D2 14.971,
TOT AL 15.98 b6. 52 14,971

BALANCES

EXCESS ETHANOL

EXCESS WATER

EXCESS ACIN,ESTER

4,31 7 ~2.76 % 1.63 %
HY OROGRE N NXYGEN CARBON
-0.24 2 N.72 % 0.38 %



tX

DAt

RUN TEMPERATURE

RN PE SSHIRE
CATALY ST MASS
FrEp CTTVE MASS
SYRINGE FEED

#

1 FTOH

J HOAC

AVERAGE MO, WT
TOTAL FEED RATE

TABLE

PrREMENTAL

- 170.0

0,040 G
0.1901 G

CONMDUCT D

RAT T F

M.13

EIT~
/7176

RTIN
12/

NG . C
GOS8 OB MMHG

S0)L91 e ATM
yDEACTIVAT

RATE CML/MIN
15.00 1/10570 0,.12528-01
0.80 0 0.13881-01
= 53,71 G/MOLE

NobaH ESE-03

MOLES/MIN

PRODUCT AMALYST . MOLE %
SAMPLE COMPONENTS
# Hoo ETOH CT20 ETAC
26 31.55 15,73 3. 10 30.90
27 29,03 15.61 J.11 3] .45
78 21,060 14, 44 n.10 20,83
29 20,29 15,41 N1l 31 .65
30 30,487 14,72 0. 00 30.34
31 20,18 15,80 2.11 31,20
30,15 15.28 0.10 30 .92
FEED 0.51 AP 0.00 0 .00
REACTINN ACID FTHANOL
CONVERSTON CINVERSION
4 4
JEHYDRATINN - 0. &6
ESTERIFICATION 58 .84 65 .87
TOTAL 58.84 66 .34
BAT ANCES )
EXCESS FTHAMOL EXCESS WATER
-1.08 % -4,31 %
HYNROMEN NXY GEN
0.35 % 1.24 %

4

£
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Q2.8 KPA
RATTO=0.931

G/MIN  DENSITY
/ML

O.a9071--07 0.791

0144910 -01 1.044

RATE®I Q%4
MOLES/
{(MIN==G CAT.)
0.052
7.459

XCESS ACIDJESTER
3.61 %
CARBON
1.2¢ %



TABLE M.1l4

FXPERIMENTAL RUN FIIT -
DATE CONDUCTED 12/° 776
RUE TEMPERATHURE = 135.0 NEG.LC
RUIN PRESSHIRE = HO8 .2 MMHG =0,91461 ATM
CATALYST  MASS = 0.2040 G y DEACTIVATION
FFELECTIVE MASS = 0L1I888 G
SYRINGE  FEED RATE RANGE ML/MIN
i
1 = TOH 19.00 1/ 100 0.1214F 00
2 HIAC 15.00 1/ 100 0.12146 00
AVERAGE MOL. WT = 572,86 G/MOLE
TOTAL FFEED RATE = 0.4215F-02 MUOLES/MIN
PRODUCT AMALYSIS MOLF ¢
SAMPLE COMPONEMTS
# H20 £T0H FT20 ETAC
20 8,972 39,21 0.17 8.35
22 R.70 38, 89 0.18 8.02
23 R.20 41,40 N.18 8,72
24 9,01 39,09 0.16 B.33
25 8.91 41,64 N.20 8.0
26 T 9.43 41,93 0.19 9.17
B8.86 40,36 0.18 8 .57
FFED 0.49 49,50 0.00 0.00
REACTINON ACID EFTHANOL
CONVERSTON CIMVERSTON
4 4
DEHYDRATION -~ 0. 75
ESTERIFICATION 17,14 17.31
TNTAL 17.14 18,06
BALANCES
EXCESS ETHANOL EXC WATER
~0e 4D 2 “r.O?. %
HYNDROGEN. NXYGEN
0.07 % 0.38 %

219

= 92,8 KPA

RATIN=0.92%

G/MIN DENSTTY
G/ML
0.9604+-01 0.791
N1267E 00 1044
HOAC
43.33
44, 18
41 .41
43439
[9'0‘42
39,26
47.01
49,99
RATE= Q=% 4
MOLES/
(MIN*G CAT.)
0.830
19.1 29
19,959

EXCESS ACID,ESTER

1.16 %
CARBON
0.38 %



TABLE M.15

EXPERIMENTAL RUN FITD- 2
ODATE CONDUCTED 12/20/16
RKUN TEMPERATURE=  13%.0 DEG.C
RUN PRESSURE =~ 697.7 MMHG ~0,9155 ATM = 92.7 KPA
CATALYST  MASS = 0.2040 G JDEACT IVATION RATIN=0.908
EFEE CTIVE MASS - 0.1852 G
SYRINGF  FEFD RATE RANGE ML/MIN G/MIN  DENSITY
# ‘ G /ML
1 ETOH 50.00 1/1000 0.4225F=-01 0.3342F-01  0.791
2 HAC 50,00 171000 0,4225E-01 0.4411F=01  1.044
AVERAGE MOL, WT = 52,36 G/MOLFE '

TUT AL FEFD RATE = 0.1466F-02 MOLFS/MIN

PRODUCT ANALYSITS MOLF %

SAMPL COMPONENTS
# HZ20 FTOH _ FT20 FTAC 7 HOAC
34 16,94 32.96 0.31 16 .46 33,31
35 15.31 33.41 0.34 16.10 34,81
37 16,05 33.33 Q.35 16.70 33.55
39 15.91 33445 0.38 1,98 33.26
41 15,78 33.43 0. 09 17 .46 33.21
16,00 33.31 0.29 16 74 33.63
FEED 0.49 49,50 0. 00 0.00 49,99
RFACTION ACID EFTHANOL RATE=10%%4
CONVERSTION CONVERSION MOLES/
4 % (MIN=G CAT.)
DEFHYDRATINN - l. 21 0.475
ESTERIFICATION 33.49 33.82 13.261
TOTAL 33.49 35.03 13.736
BALANCES
EXCESS ETHANOL EXCESS WATER EXCESS ACIDESTER
2.33 % -8.71 % 0.75 %
HYDROGEN NXYGEN CARBON

1.08 % 0.25 % 1.54 %
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TABLE M.16
EXPFRIMENTAL  RUN FILE—- 3
DATE CONDUCTED 12/20/7176
RUNM TEMPERATURE-  13%.0 DEG.C
RIIN PRESSURE — HOB. 3 MMHG =0.90163 ATM Q2.8 KPA
TCATALYST  MASS = 0.72040 G yDEACTIVATION RATIN=0.901
FEEECTIVE MASS — 0.1838 G
SYRINGE  FLED RATF RANGE ML /MIN G/MIN  DENSITY
# , G /ML
1 FTOH 30.00 1/ 100 0,.25176 00 0,199 16 00 0.791
e HOAC 30,00 1/ 100 0.2917E 00 0.2628F 00 1.044
AVERAGE ML . WT = B2.86 G/MULE '
TIIF AL "FEFD RATF 0.3 739 =02 MOLES/MIN
PRODUCT ANALYSIS MOLF %
SAMPL | COMPONENTS
# H20 FTOH ET20 ETAC HUAC
47 4,81 62,60 0.00 3.96 48 .67 -
48 44,37 44,83 0.00 *3 .09 46,89 .
51 4y BN a1 Tl 0. 00 3.91 49,72
52 G4 9%h G4 o 6T N« 00 4431 46 4,06
53 4.56 43,78 0.00 4 .07 47.58,
55 «,70 43,45 0.00 4,07 47,56
56 be b6 42,63 0.00 3.96 48.73
4, 67 43,41 0.00 4,02 47 .88
FEED 0.49 49.50 0.00 0.00 49,99
REAC TINN ACID FTHANOL RATE=10%%4
COMVERSION CNNVERSION MOLES/
r % (MIN=G CAT.)
NEHYNDRATINN - - -
CSTERIFICATION 8.05 8.13 19.157
TOTAL 8.05 8.13 19.157
FALANCES
EXCESS ETHANOL FXCFSS WATER EXCESS ACID,ESTER
4,16 % ye34 % 3.8 %
HYDROGEN NXYGEN CARBON
-0.88 % 1.27 & -0.15 %
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TABLE M,17

FXPERIMENT AL RUN EIITI~ 4
DATE CONDUCTEDN 12/21/76
RUN TEMPERATURE=-  14%,0 NDFG.C
RUIN PRESSURE = 702.5 MMHG =0,9218 ATM = 93,4 KA/
CATALYST  MASS = 0.2040 6 YDEACT IVATION RATTIO=0.879
FIEECTIVE MASS = 0.1794 6
SYRINGE  TEFD RATF RANGE ML/MIN G/MIN  DENSITY
f G /ML
1 - TOH 25.00 1/1000 0,2102¢-01 0.16626-01  0.791
? HOAC 25.00 171000 0.2102E=01 0.2194E-01  1.044
AVERAGE MO, WT = 57.86 G/MOLE

TOFAL FEED RATE = 0,7296F=-03 MOLES/MIN

PRODUCT ANMALYSIS MOLF %

SAMPL F COMPONENTS
i H20 FTOH ET20 ETAC HOAC
4 21.73 27.50 0.44 21 .69 28.61
5 20,91 2Te45 0.47 22.17 28.97
6 22026 25,71 0.46 71.89 29.66
7 21.00 25492 047 22.19 30.40
8 22.06 25,67 0.43 21 .85 29.97
9’ 21.94 27.02 0,50 23,73 26.78
12 21.87 26447 0,44 21.39 29.81
, 21.68 26.53 0.46 22 .13 29.17
FFED 0.49 49.50 0.00 0.00 49,99
REACTION ACID ETHANOL RATEX] 0% 4
CONVERSION CONVERSION MOLES/
¥4 . b4 (MIN=*G CAT.)
DEHYDRATINN - 1. 87 0.376
FSTERIFICATION 44,26 44,70 9.002
TOTAL 44,26 © 46.58 9,378
BALANCES
EXCESS FTHANOL EXCFSS WATER  EXCESS ACID,ESTER ~
0.18 % -5.98 ¢ 2,62 %
HY.DROGFN NXYGEN ' CARBON

0.60 % , 0.87 % 1.40 %
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TABLE M.18

EXPERIMENTAL RUN ETEI- %
DATE CONDUC TED 12721776

RUN TEMPERATHRE - 135.0 nEG.C

RUN PRESSURE - T2 06 MMHG =0.9719 ATM = D304 KPA
CAT AL YST MASS = 0.2040 o T DEACT IVAT DN RATIO=0.873
EEEECTIVE MASS -~ ().17\82 G

SYRINGF FEEED R/\Tﬁ RANGE ML/MIN G/MIN DENSTTY
it ' G /ML
1 FTOH 45000 1/ 100 0,3821F 00 0.,3022¢ 00 0.791
7 HOAT 45,00 17 100 o. 3B821E 00 0.3989¢ 00 1.044
AVERAGE MNL ., WT = H2.86 G/MOLE

JTOVAL FEED RATE = 0.1326F-01 MOLES/MIN

PRODUCT ANALYSTS MOLE %.

SAMPL E COMPONENTS ‘
# H20 FTOH ET20 ETAC HOAC
15 3.38 43,8 0.00 2.86  49.85%
16 : 3.69 47.72 0.00 3.1% 45,49
17 34735 15494 0. 00 2 .88 47,81
20 3.26 45,05 0 .00 .15 48,93
22 3.26 43, 87 0.00. 2,74 50,12
25 3. 54 Gty , R 0.00 2.90 47,02
26 3.27 45,71 0.00 "2 .82 48, 17
3.39 45,53 0.0 2.87  48.19
FEED 0.49 49,50 0.00 0.00 49,99
¢ ‘ .
Rﬁ?CTIﬂN ACID ) FTHAMOL RATE=10%%4
CONVERS T ON CONVERSTON -~ MOLES/
4 P4 ~ (MIN%G CAT.)
DEHYDNRATINN - . - > -
ESTERIFICATION 5.75 5.80 21.401
TOTAL ' 5.75 5.80 21.401
BALANCES
EXCESS ETHANOL FXCESS WATER FXCESS ACID,ESTER
-2.20 % 0.67 % 2.14 %
HYDROGEN XY GEN CARBON

—0.44 % 0,71 2 -0.02 %



FXPERIMENTAL

A DATE

RUN TEMPIRATURE -
RUIN PRESSURE -
CAT ALYST  MASS -
FEEECTIVE MASS -
SYRINGF FEED

i

1 COETOH

2 HOAC
AVERAGE MO . WT
TOT AL FHED RATE

PROODUCT ANALYSIS

SAMPL F COMPONENTS
# H20 FTOH £ET20 ETAC
27 12.23  37.69 0.28  13.29°
28 13,07 37.72 0.24  12.83
29 12.34  38.68 0,27 13.39
33 12.64  37.95 0.28  13.70
3% 17.52 38,37 0.28  13.57
36 13.64 37,48 0.27  13.40
37 12.82 37,95 0.30  13.85
12.72  37.98 0.27  13.43
FEED 0.49  49.50 0.00 0.00
REACTINN ACTD FTHANOL
: COMVFR STON CONVERSTON
_ % %,
NEHYDRATINN - ' 1. 13
ESTFRIFICATION 26837 27.14
TOTAL 26 .87 28.27
RALANCFS
FXCESS FTHANOL FXCESS WATER
4.99 % -10.35 %
HYDROGFN OXY GEN

0.2040 G
Nel754 G

TABLE M.19

S
12721776

RIIN
CONDUCTFD

135.0 DEGLC
TO 3 4 MMHG =0,9230 ATM

yOFACT IVAT

RATF RANGI- ML/MIN
7H.00 171000 0.6349F =01
75,00 171000 0,63491-01

52.8A G/MOLE
0.2204F=02 MOLES/MIN

MOLE %

6

= 93 .5 KPA
TON RATT0=0.859

G/MIN  DENSTTY
G /ML

0.791

1.044

0.50224-01
Dah6290 01

HOAC

36 .49
36411
35,30
35441
35.22
35,39
35.05

RATF:LO%%4
MOLES/
(MIM%G CAT.)
0.703
16 .884

EXCESS ACID,ESTER
~1.98 %
CARBON
1.48 %
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7

93,5 KPA

LON RAT [0 =0.855

G/MIN  DENSTTY
G /AL
0.4053F 00 0.791 °
0.53491 00 14044

TABLE ML20
EXPERIMENTAL RUN FILT=
DATE CONDUCTED 12721716
RUN TEMPERATHRE-  135.,0 DEG.LC
RUIN PRESSURE = 703,74 MMHG =0,9230 ATM
CATALYST  MASS -~ 0.2040 G yNEACTIVAT
EEREECTIVE MASS = 0,174% 6 ‘
SYRINGE FEED RATE RANGE ML/MIN -
oo
{
i1 ET0H 60.00 1/ 106 H.5124E 00
7 HOAC 60.00 17 100 0.5L24E 00
AVERAGE ML, WT = 57486 G/MOLLE
TUPAL EFED RATE = 0.17780 =01 MOLES/MIN

PRODUCT ANALYSITS MOLE %

SAMPLF COMPONFNTS
#t H20 FTOH
42 2e45 42493
46 748 47.76
48 2443 G017
49 234 43044
2043 45.33
FEED 049 49,50
REACTINON ACID
CONVERSTION
%
DEHYNDRATINN -
FSTERIFICATINN 375
T{T AL 3.(5

BALANCES

FXCESS ETHANOL

F120 FTAC
0.00 1.83
0.00 2.08
0.00 1.98
0.00 1.60
0 .00 1.97
0.00

FTHANOL
CHMVERS TON

EXCESS WATER

“4.64 % 2499 %
HYDRNOGFN NXYGEN
-0.94 % 1.49 %

HOAC

5276
41T .66
48441
52.60

50436

49.99

EATE=10x%4
MOLE S/
(MIN=G CAT.)

EXCESS ACID,LESTER
Gotl H
CARBON
—0.06 %



TABLE M,21

EXPERTIMENTAL RIUIN FIIL-

DATE CONDUCTED 12721776

RUN TEMPERATURE- 13,0 NDFEG.LC
RN PRESSURF— TO4G o0 MMHG =0,9238 ATM
CATALYST  MASS = 0.2040 6 yNEACTIVA
FEPVECTIVE MASS = 00,1715 6
SYRINGF FtEn RATF RANGE M1 /MIN

#

1 ETOM 10,00 1/ 100 0,779 =01

? HOAG 10.00 1/ 100 0,779 -01
AVERAGE ML, WT = 52 .86 G/MAOLFE

FEED PATE = 0,2707F-02 MOLFS/MIN

THTAL

PRODUCT AMALYSTS MOLE %

SAMPLF COMPONENTS
# H20) ET0H FT20 FTAC
57 9,75 38 .56 0.20 10.05
58 10.52 IR . 54 0.22 10 .24
59 o, 71 38 .01 0.19 9.93
60 10.23 37. 44 0.20 9.52
61 9.6 LOLP6 0,20 9.33
9.91 318 .56 0.20 9.81
FEED V0449 49.50 0.0 0.00
//
REAC TION ACID L FTHANNL
CONVERSTON CONVERSTON
% P4
DFHYDRAT TN - 0.83
USTERIFICA TTON 19.63 19. 83
TOIT AL 19,63 20, 66
SLANCES
CXCE 5 FTHANOL FXCESS WATER
1.62 % -5.68 %
HYDRNGEN NX YGEN
-0.04 % 0.87 %

8

93 .6

fTon RAT ]

G/M1

N.61 68tk
0814 1t

HOAC

41 40
40 .46
42414
42 .59
40.873

41 <48

226

KPA
00,840

N DENSITY
G/ ML

-1 0.791

-01 1.044

49.99 -

RAT
M
(MIN

1

1

EXCESS A
2.
CA

AT
OLe S/
CAT L)
G.652
5,495

a0

e ].[1»8

CID,ZESTER
61 %
RBON

V.60 %

/)
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TABLE M,.22
EXPERIMENTAL RUN tII1- 9
DATE CONDUCTED 12723776
RUN TEMPERATURE = 135,0 DFEG.LC
R UN PRESSURE- 698 .3 MMHG =0.9163 ATM = 92,8 KPA
CATALYST MASS - 0.,2040 G 1 DEACTIVATION RATIO=0.767
FEFECTIVE MASS = 0.1565 G
SYRINGFE  FEFD RATF RANG: ML/MIN ) G/ZMIN DENSITY
! s G /ML

..

1 FTOH

? HOAC
AVERAGE MOL. WT
TOTAL FEED RATE

15.00 1/ 100 0.1214F 00 0,9604E=01  0.791

15,00 17 100 0.12145 00 00,1267 00  1.044
= L A7086 G/MOLE

O.42)5E-07 MOLES/MIN

RYa

‘o

PRODUCT ANALYSTS MOLE 2
SAMPLE COMPONENTS
# H20 T OH ET20 FTAC HOAG
83 8.06  40.69 0.15 8.11 42,97
R4 9.17 39, #0 0.15 8.30  42.55
85 B.O0B' 40,57 0.13 .00 43,20
B6 B54 39,61 0.15 7 .96 43,71
57 8.25 40 . 64 0.15 B.2%  42.70
88 CLhh 4065 0,17 7,96 42 .56
89 8.07  40.37 0.15 8.21 43,17
90 B.41 38.721 0.16 707 45.43
8.40  40.07 0.15% 8,07 43,29
FEED 0.49 49,50 /0.00 0.00 49,99
REAC TION ACID ETHANOL RATE#]0%% 4
CONVFR S TON CONVERS TN MOLES/
7 ¥ (MIN*G CAT.)
NEHYDRATINN - 0. 62 0.837
FSTERIFICATION 16.14 16.30 21.740
TOTAL 16.14 ' 16.93 22.578
BALANCES
EXCESS ETHANOL FXCESS WATER ‘ FXCESS ACIN,ESTER
-2.11 % -3,59 ¢ . 2,72 2
HYDRAGFN NXYGEN CARBIN
~0.29 % 0.90 % 0.31 %



TABLE M.23

EXPERIMENTAL RUN FIvV-
DATE CONDUCTED 12722776
RUM TEMPDERATHRE=  135.0 DFG.C
RUN PRESSURE = 69#.3 MMHG =0,9163 ATM
CAT ALYST  MASS = 0.2040 6 yDEACT IVAT
FEEECTTVE MASS = 0.1705 6
SYRINGFE  FEED RATE RANGE ML/MIN
#
1 XXX TV 10,00 1/ 100 0.7798F-01
2 HOAC 10,00 1/ 100 0.7798¢E-0]1
ACURAGE MOLL WT “Lah G/MOLE

TOT AL FEED RATE

0.2R21F=07 MOLES/M N

PRODUCT SANALYSTS HOLE %

1

Q2.8

[N RATT

G/MI

0.6238F=-01

DeBl41F

HOAC

40.90

39.465
‘' on0.89
39.92
40.63
40,60
41.30
£0.40
40. 10

KPA
N=0.836

N DENSTTY
G /ML

-0l 1.04%,

S 0,800 .

SAMPL F COMITINENTS
# 20 t-TOH FT20 FTAC
24 15.19 4 4 69 0.1 9 .01
25 15,07 35451 el 9.68
26 19,37 34,51 N.18 9,08
27 Tao 74 3R L,69 0.20 9.4»3~
28 15.72 34416 0.19 9 .29
29 14450 35,27 0.18 Q.22
- 30 15 . 67 33.A1 0.16 Q.28 7
31 14465 Wh 72 0.18 9,52
22 1. 01 34 3 0,17 9.27
15.1n 34,85 0,18 9,32
FEED S 45,78 0,00 0.00
REAC TION ACID FTHANOL
CONVERS TON CONVERSTON
4 p 4
NDEHYDRATINN - 0. 82
FSTERIFICATION 19.43 20,36
TOTAL 19.43 21.19
(‘;“'}.
BALANCES
FXCESS ETHANOL EXCESS WATER
~2.67 % -3.76 %
YNDROGEN OXYGEN
-0.26 % 1.23 %

RATE L 0%%4
MOLES
(MIN%G C. "o
0.624
15 .4 24

EXCESS ACID,ESTER

3,79 %
CARBON
0.63 %



TABLE M.24

FXPERIMENTAL  RUN FIv-

DATE CONDUCTED 127227716

PUIN fFMPDERATURE - 135.0 NEGLC
PUIN PRESSHRE — 67,6 MMHG =0,915%6 ATM
CATALYST  MASS — 0.2040 G JOEACTIVAT
FFEfE CTIVE MASS - D.1696 6
SYRIMGE  FEED RATE  RANGE  ML/MIN

#

1 XXX TV 30,00 1/ 100 0.2517F 00

o HOAC 30.00 1/ 100 0.2517¢ 00
AVERAGE M0L. WT S0, 96 G/MOLE
TAT AL “E07 RATI = 0.9109F- 02 MOLFS/MIN

PRODIICT ANALYSTS MOLE ¥

SAMPL | COMPMMINENTS .
f# H20 FTNH FT20 ETAC
4] Q.57 39,97 0. 00 4 .05
42 10.06 39,78 0 .00 3.91
43 Ge59 40,29 0. 00 4,13
as 10,29 39, 44 0,00 4,17
45 Q9,77 41.40 0.00 4 ,J0
46 T,55 40,25 0 .00 3,97
4 950 40,76 0. 00 44,16
0.76 40,27 0. 00 4 0%
FFEED AR 45,78 0. 00 0,00
REACTION ACID FT ANDL
CONVERSTON CONVERSTON
Z 4
”FHYDRATION - -
FSTERIFICATION B.44 8.85
TOTAL Ba.b4 8.85
BALANCF
FXCESS ETHANOL “XCESS WATER
-3.,17 % -5.19 %
HYDRNOGEN FT/(”(GEN
-0.38 % le34 %2

2

Q2.7 KPA

[N RATIO=0.831

DENSTTY

O/ ML
0.300
lae044

G/MIN

O.7014F
Oe 628

0OQ
00

HOAC

46039
L hb6.23
45,97
46413
Hty W B2
hbHo22
495 .56

RATE=10%%4
MOLES/
(MINsG CAT.)

21.756

EXCESS ACID,ESTER
bo.14 %
CARBON
0.57 %



RUN TEMPERA
Rt PREYS
CAT ALY ST M
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TABLE M.25

EYPURIMENTAL RUN Flv- 3

PATE ConmnucTeEn 12723776
T - 17,0 NFGLG
SHRE — HA6HLE MMHG =0,143 ATM = 92 .6 KPA
ASS = 07060 G yNEACTIVATINN RATIO=0,822

L CTIVE MASS - o 16T6 6
YRINGFE  FEED RATY RANGE ML/MIN G/MING DENSTTY
1 (/™I
1 XXX TV C0.00 171000 0.42256-01 0.3380(-01  Q,500
? HACG 50,00 1/1000 0.42256=01 044l 15-01  1.044
AVERAGE MO, WT = 50, Gn GO E
FOF AL FEED RATE = 0.1528F-02 MOLES/MIN
PRODCT ANMALYSITS MaLE %
CAMPLF COMPONENTS . )
# H 20 TOH ET 00 £ TAC HOAC \
3 18462 IN.T9 0418 13 .84 36454
4 19,69 29,80 N.23 13.42 36 .84
5 19,40 BRIy NalT, 14 o64 33,77
6 20.1R 10,62 025 14,05 34 4,98
7 19,23 31.20 0.29 15.12 34,13
8 19,92 A0.83 022 12.72 35 .28
9 1R.75 31.65 a2 13.76 35.58
10 1% .RA 3072 0.22 13.41 36476
190 .46 30.86 0 Wlh 14,00 35447
FEED 6H 26 45,78 0.00 0.00 467 .97
~ REFAC TIDN ACID IS a NI RAT=%10=%4
CONVERSTON COMVERS 1 UN MOLE S/
b 4 (MIN=G CAT.)
NDEHYDRATTON - 1.0¢% Oel4l
ESTERIFICATION 29.18 30, 58 12.76§
TOT AL 29.18 31, 64 13,208
EALANCES
EXCESS ETHANOL EXCESS WATER FXCESS ACIDLESTER
‘O .Ql* 5?1 "(40 92 % 3.03 z
HYDROGFN NXYGEN CARBON
0.24 % 0.98 % . 1.09 %



TARLE M.26

EXPERIMENTAL RIIN V-

DATE COoNDUCTED 12723/ 76
U TEME PR ATHR G~ 1°0.0 DG, C ‘
RN CRESSUIRE = non s MMELL 0,91 34, ATM
CAT ALY ST MANS = 002040 6 yOEACTIVAT
FEEECTIVE MASYS — 001663 6
SYRINGE  1THED PATE RANMGE ML/MIN
#
1 XXN TV SOLO0 1 /1000 0,420 =01
‘ PO HOL00 121000 O0L.4a000 ~0]
AVERAGE M . WT = SO, O0 GOk
POT AL FIHED RATH O.15% 8= ML S/MIN
FennUCT ANALYSTS MOLF
SAMPL T COMPOMINTS
# H0 CTNH =120 FTAC
7z The 14 JoelhH N. 00 [ RPN
21 Sheln 2H.43 0 .00 PO hH4G
22 LRSS PRI (. 00 19 .37
273 AR S DAL 8 (0.0 P LME
24 2L .80 PR, Y. 18 .61
25 PRV HA ?5.36 0N, 0 "“)‘Ql
26 Lo 07 05,17 0. 00 T0LA5
24487 ’5e35 0. 00 9 .87
CEED bolh 45,78 OeiD 0 .00
REACTINY ACID FTHANNOL
CONVFERSINN CONVERSITON
& 4
DEHYDEATION - ~
FSTERIFICATION 41 .43 43,42
TOTAL 41 .43 43,42
BALANCES
EXCF™" FTHANOL FXCESS WATER
9 % -4 ,71 &
H. o ROGEN AXYG™N
0.29 % 1.21 %

1

O uh

10N

G/MITH

0. 3380F=-01
11 =01

0.

HOAC

23.81
2870
31.53
RN
372411
31 .3

29.89

47,97

231

KPA
RAT TV -0 ,%]%

DENSTILY

(5 /M1
0.800
1.044

RATE#10%%4
MOLES/

(M Ir=G

CAT )

19, 267

18.267

EXCESS ACID,LESTER

3.74

%

CARBON
1.33 %



TARL t

FXPERIMENTAL RUN

DATE CONDUCTED

Py TEMPERATURE ~ i20.0 NEGLC
RN PRESSURE = H96.0 MMHG
CAT AL YST MASS O.2040 G
b CTTIVE MAS IR 2 B
SYRINGFE FEED WATE RANGF

it ,

1 XXX TV 10.00 1/ 100

’ HOAC 10.06G 17 1006
AVFRAGE ML, WT = 50, YA
TT AL FiED RATE = 002021002

PRODUCT AMALYSTS MMOLFE X

SAMPL F COMPONENTS

" H20 £ TOH £
26 21.00 29,99 0
37 1o.08  29.71 0
29 19.4> 30,83 0
40 21.29 20,14 0
41 19. 68  31.62 0
42 P0.78 20,45 0

20.22 30,29 0
CREED L.24 45,78 0
REAC TINN ACID
CONVESSTON
¥

DEHYDRAT ION -

CSTERIFICATION 30.68

TOT AL 30.68

BALANCES

EXCFSS ETHANOL EXCESS A

~1.67 % -3.50
HYDPNGEN NX YGE
-0 .01 % 1.01

232
M.27
bv- 2
12723776
=0.9132 ATM = 92,5 KPA

JODEACTIV.ITION RATTID=0.802

ML/MIN G/MiN DEMSTTY S
G /ML
O, 7798 =01 0.6238F-01 0.800
O.779%F=01 0.8141E-01 1.044

G/MOLE
MOLES/MIN

1720 FTAC HOAC
.00 14 .33 34468
. D0 14 aH BN
. 00 14 .76 34,97
.00 15.08 23,47
. 00 19 .12 33456
.00 14.55 35,20
.00 14,710 34,75
. 00 0.00 47 .97
FTHANOL RATE=10x%4
CONVERSION MOLE &
Z (MIN*G CAT.)
32. 15 25.354
32.15 2{5.354
TER EXCESS ACID,ESTER
4 3.13 %
N CARBON
4 0.78 %



TABLE M.28

FXPERIMENTAL RIUIN tv- 3
DATE CONDUCT £D 12/23/776
PUN TEMPERATURE 3583120.0 NFG.LC
fUIN PRFS%UR#J“g%OH.h MMHG =0.90127 ATM =  92.4 KPA
CATALYST  MASS = 0.2040 6 yDEACTIVATION RATIO=0.800
FFEECTIVE MASS ~- 0.14632 6
SYRINGE  FEED RATE [ ANGFE ML /MIN G/MIN DENSITY
# G/ ML
1 XXXTV 30.00 1/ 100 0.25L7F 00 0.2014F 00 0.800
2 HOAC 30.00 17 100 0.25176 00 0.2628F 00 1.044
AVERAGE MOL. WT = 0.9 G/MOLE ‘

TOTAL FEED RATE = 0.,9109F=02 MOLFES/MIN

PRODICT ANALYSIS MOLE 2

SAMPLE COMPONENTS
# H20 ETOH ET 0 ETAC HOAC
45 12.71 33 .23 0.00 7.47 41 .57
4 6 13.44 3A.99 0., 00 T 22 42433
47 12.66 37,1 0 .00 T oD 42 .66
48 13.54 36,40 0.00 T .47 42.57
50 13. 70 36,79 0.00 7.57 41 .92
52 13. 60 36,57 0.00 7.35 42,45
13.24 37.05 0.00 7 .41 42,25
FEED 6.24 45,78 0.00 0.00 47.97

REAC TTINN ACID ETHANOL RATE 1M %% 4
CONVERSION CONVERSTON MOLES/

, 4 ¥ (MIN%G CAT.)
NEHYDRATION - - : -
FSTERIFICATION 15.44 16.18 41,352
TOTAL 15.44 16.18 41,352
BALANCES
EXCESS ETHANOL - EXCESS WATER EXCESS ACID,ESTER

-2.87 2 2,74 % 3,52 %

HYDROGEN WY GEN CARBON

-0.39 % ] 14 % 0.40 %
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b XPE
DAT

RUN TEMPERAVURE-
RUN PRESSURE -
CATALYST  MASS -
bEIE CTIVE MASS -

SYRINGH FEED

#

1 ETOH

2 HOAC
AVERAGE MOL, WT =
TOT AL FEFD RATE =

PRODUCT ANALYSITS
SAMPL COMP1)
f H20
55 B.50
56 8488
58 8. 640
59 8¢34
60 8.53
61 8.35
H2 Babhd
&3 Re31
64 Qa7
8462
FEED Q.49
REACTINN
cn
NDEHYDRATINON
FSTERIFICATION
TOTAL
BALANCFS
EXCESS FTHANOL
-2.81 %
HYNDROGFEN

~.50 %

TARLE

RIMENTAL RUN
F CONDUCTED

120.0 DFGLC
69N 5 MMHG
0.2040 6
0.1673 G

M,29

=0.91204
yDEACTIVAT

EVI-

12723776

ATM

RATH RANGE MU/MIN

30.00 17 100 0,217 00

30.00 17 100 0.2517F 00
52,86 G/MOLE

OB739F~-02 MOLFS/MIN

MO %
NENTS
FTOH FT20 ETAC
39,92 0.00 8.32
39,68 0 .00 8.26
19,41 0. 00 8.05
40 .87 0 .00 8.40
39,00 0.00 8.13
40,04 0.00 8.29
39,22 0.00 7.86
3G, 30 0.00 8432
41,07 0.00 8 .80
39, 83 0.00 8.27
49,50 0.00 0.00
ACID FTHANOL
MVERSTON CONVERSITON
b4 b4
16.54 16.71
16.54 16,71

FXCESS WATER
-le63 %
XY GEN
.. 02 %

1

= 92.4 KPA
1ON RATTO=0.79%

DENSTTY
G /ML
0.791

1.044

G/MIN

00
00

0.199 1
0e2628F

HUAC

434,24
434,15
43,88
42.38
44433
43.31
4 e 36
44 4,065
40.63

RATE=10%x34
MOLES/
(MIN=G CAT.)

44 537

44,537

EXCESS ACID,ESTER
3.07 %
CARBON
0.14 3%

234



TABLE

FXPEFRIMFENTAL RUN

DATE CONNDUCTED

RUN TEMPFRATURE=~  120.0 DFG.C
RUN PRESSURE = 69%.6 MMHG
CATALYST  MASS. — 0.2040 G
PP CTIVE MASS — 001606 6
SYRINGE  FEED RATF RANGE

#

1 £ TOH 50,00 1/1000

? HOAC S0.00 171000
AVERAGE MM . WT = Y2 86
TOT AL FHED RATE = 0.14668-07

PRODUCT ANALYSTS MOLE X

SAMPL E COMPINENTS
f H2 0 ETOH f
67 20.87 28,72 0
3 22,135 27.35 0
20,80 27,89 0
10 2,47 26,54 0
62 27.50 0
FEED 49 49.50 0
REAC TINN ACTD
CONVFRSTON
%
NEHYNRAT TON. -
CSTERIFICATION Gho ]
TOT AL G444 4 )

JALANCES

M.30
Fvi-
\2/23/16

0.9127 ATH
yDEACT TVAT

MUL/MIN
0.42250-01
O,4220 =01

G/7MOLk
MOLEFS/MIN

ETAC

720

. 00 22 .65
. 00 21.46
. 06 22 .l
. 00 27630
.00 22 .20
. 00 0.00

- THANOL
COMVERSTON

235

?

1ON

Q wl /'

2440 KPA
RATT0=0.787

G/MIN  DENSITY

G /ML
VL3342 -01 0.791
Dehttul 1F =01 1.044

HOAC

28.25
28.82
28.88
2B .67

2B466

49499

RATFS10%%4
MOLE S/
(MIN%G CAT.)

FXCESS FTHANOL

EXCESS WATER EXCESS ACIN,ESTER

0.41 % —-h.65 % 1.74 %
HYDROGEN OX YGEN CARBON
0.51 % 0.58 % 1.08 %
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92.8 KPA

ION RATIO=0,.770

G/MIN  DENSITY

/ML
Oe 191
1.044

N.6168F~-01
0814 14-01

TABLE M.D1
FXPFRIMENTAL RUIN EVIi=- 3
DATE CONDUCTED 127237776
RUN TEMPERATURE=-  120.0 DFG.C
RUN PRISSURE= 698 .0 MMHG =0,91%9 ATM
CATALYST MASS = 0.2040 G yDFACTIVAT
FEFECTIVE MASS = 04,1572 6
SYRINGE  FEFD RATF RANGE ML/MIN
#
1 - TOH 10.00 1/ 100 0.7798+-0]
2 HOAC 10,00 1/ 100 O.7798F =01
AVERAGE MO, WT = h2 .86 G/MNLE
TOTAL FFED RATE O0.270TF=-02 MOLES/MIN

PRODUCT ANALYSIS MOLFE %

SAMPLE COMPONENTS
# H20 FTOH £T20 ETAC
71 15.71 32.98 0.00  17.30
72 17.09  31.39 0.00  16.54
73 15.52 33.18 0.00 16.45
75 15.88  1372.96 0.00 1687
16 16.53  32.09 0.00  15.94
77 15.50 31.49 0,00 16411
"8 16.91 31.37 0.00  16.19
79 15.71  372.94 0.00  16.53
80 16 .74 32.16 0.00 16.21
16,18  32.28 0.00  16.46
FEED 0.45  49.50 0.00 0.00
REAC TTON ACID ETHANOL
CONVERSION CONVERS TON
¥ 4
DEHYDRAT INN - -
FSTERIFICATION 372.93" 33, 25
TOT AL 32.93 33, 25

BALANCES

FXCESS FTHANDOL FXCFSS WATER

-1.51 % -4.,50 %
HYDROGFEN OXYGEN
0.0 % 1.01 %

HOAC rd

—

L

33.99
< 34,95
34.83
34427
35442
36.88
35451
34.80
34,87

49,99

RATE®RLO%%4
MO E S/
(MIN*G CAT.)

28.

FYCESS ACIDLESTER

3.05 %
CARBON
0.78 %
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1

= 93,6 KPA

RATIO=0.,994

G/MIN  DENSTTY

G /ML
O.96041 01 0.791
0.126 7 00 1.044

HUAC

383,99
4031
3H W97
19.54
3g.38
I8 .44,
39.8%

38.93

49.99

RATE*10%54
MOLE S/
(MIN®G CAT.)
0.770
19.869

FXCEFSS ACID,ESTER
.46 %
CARBON

TABLE M,32
EXPERIMENTAL RUN EVIT-
DATE TONDUCTED 2/ 3/717
RUN TEMPERATURE-  138,0 NDFG.LC
RUIN PRESSURE= 7064.,0 MM, =0.9233 ATM
CATALYST  MASS - 0.2411 G y DEACTIVATINN
FEEECTTIVE MASS = 0.2397 G
SYRINGE  FFED RATE RANGE ML /MIN
#
1 t TOH 15.00 1/ 100 0.172140 00
? HOAC 15,00 1/ 100 00,1214t 0O
AVERAGE MO, WT B2 LRA G/MNLE
TOTAL FEED RATE Q2150 -02 MOLES/MIN
PRODOCT AMALYSTS MOLFE %
SAMP LT COMPONENTS
# H20 FT (M FT20 FTAC
27 11.46 18 .139 0.213 10.90
28 11.77 3ty e 606 0.21 11.02
29 11.97 10,19 Ol 1162
30 12,10 .08 0.21 11.08
31 1l.57 y .98 0.21 11.53
33 11.58 RR I ) 0,27 11.50
34 11.71 17.11 0.19 11.12
11.75 37.79 N.21 11.30
FEED 0.49 49,50 0.00 0.00
REAC TINN ACIN FTHANOL
CONVERSTON CONVERSTON
4 4
NEHYDRAT INN - 0.88
FSTERIFICATION 27 .60 22.82
TOT AL 22460 23,71
BALANCFES
EXCESS FTHANOL FXCFSS WATER
0.05 ¥ -2.08 %
HYDRNGFN OXYGEN
0.11 % N.15 &

0.26 %



