Section 8

SUFPORTING STUDIES

REACTION MOOELL ING
Kinetic Model

One approach taken to develup 2 kinetic model for the 1liquid phase
methanol reaction was 2 simlified, semi-empirical method.

Tnis work was based on the kinetic model successfully deveioped for the
analogous licuid ohase mcthanacion system. The methanol system fs an
eauilibrium 1‘mited reacticn system. The terms used in the model
derivation are defined at the snd of this section. The fnitial study was
performed specifically for a Lurg! type «synthesis gas, but can be
gener2liz.«d to handle othes feed 9as composition. A Lurgt type synthesis
gas has "he numinal compositien:

50% H,, 25% CC, 10X COZ’ and 15% CH4
Experime~tal data indicate that under rearly all reaction conditions,
both CO, and CH4 behave 15 inerts ard this gas composition can be
represented by:

50X "2' 25% CO, and 25% inerts,

In terms of the tota) pressyre, ’T‘ and the conversion %, the reaction
stoichicemetry for the Lurgi synthesis gas can he written as:

CO + 2Hy + Inerts = CH30H

- -2% 1 ' X
A ) R (%) *

* In cases where the circulating liquid phase exhibits a relatively high
vapor pressure, Py shculd be replaced by the term {Py-9*),
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5 mass Dalarnce over a reactor element ix given by
FdX = rdi

If the reaction rate {s assumed ‘0 be first order in the difference
betweer. CO 1liquid phase concentration, C, and the (O 1liquid phace
concentration that would exist at equilibrium reaction conditions, CEQ’
then, '

r= K(C-CEQ)
8y introducing the Henry's Jlaw constant. “H' and a suftak'e conversizn

factor, the rate may he axpressed in terms of the CO partial pressures, P
and HEQ'

K ]
U

Introducing this rate expression ‘nto the reactor element mass balarce,
recognizing that the term, PI'XEO) / (4-2xEoﬂ . is a constant (@)
for fixed temperature, pressure, and feed gas composition, the 1w11owing
differertial rate equation is obta‘ned:

o . T oW
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This eq.ration can be recrranged and integrated:
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One (an see that aven for this simple reaction model, the resulting
2xpression is very complex. Using this model the effect of the feed gas
flow rate on 00 co~ ersion at fixed temperature and pressura levels was
invest’gated.

The main intent of the series of reaction runs presented in Table 8-1 was
to isolate the system response to a single process variable, feed gas
rate, at fixed temperature and pressure, and compare the results with
those predicted by the reactfon mode). While the 1nitial acli\i-lity lavel
was lower than normally achieved with this reaction system ‘s the data
01 any given day of operation were internally consistent. In fact, the
activity level held fairly constant through 2un 122-2, when a singular
sharp drop in ectivity was noted. Therea'ter, the catalyst activity
remained at the new, lower level. When the catalysi wis removed from the
reactor, it had a peculiar copper sheen tr. 1t, as opposed ¢ $ts norma!l
black color. whether or not this fs evicence of soma alternation of the
important catalytic properties is unkoim.  Under the temperature and
pressure conditions tested, a Lurgf tipe synthesis gas would have an
equilibrium CO ronversion of 43 percent at 230°C and 500 psig. and 64.7
percent at 230°C and 1000 nsig. Sutstituting these values into the
kinetic madel, reaction rate constarts were calculated for the different
feed flow re*ss {Table B-2). It can be seen that at the highe: feed gas
rates {lower conversion), the calculaled Ky values appear 1o be fairly
constant, as they should be. However, as -the fead g&s rate approaches
zero, the calcuieted X, value falls ranidly., This behavior is true at
both pressure levels ana indicates that the present form of the madel s
insufficient to represent the actual reaction system at low VHSY. One
reason  for this behavior could be that the circulating of)

(1) Catalyst A/Mitco 40/Lurgt Gas



TABLE 8-1
APPROACI; TO EQUILIBRIUM FOR LOW FEED GAS RATES
commerciaL caTALYsT ACY) (15 x 20 MEsH)/MITCO d0/LuRal FeED as(?)

CO CONVERSION

Tewp PRESS, VHSV TO MeQH

LT C S v &

119-1 23 500 1680 24.2

120-7 230 500 1665 13.3(4)

120-2 230 500 680 19.5(4)

120-3 220 500 2525 10.6(4)

121-1 230 560 1700 20.3

121-2 230 500 720 | 28.7

121-3 230 50 s 16.6 |

122-i 230 50¢C 1700 22.5

122-2 230 500 285 37.0

123-1 230 500 435 25.6

124-1 230 500 2175 18.6

124-2 230 1000 o 30.9

125-1 230 1000 2475 3.5

125-2 230 1600 900 44.3

125-3 230 1000 3725 26.3

126-1 230 1000 2370 29.2

126-2 230 1000 350 51.9

127-1 230 1000 2390 25.3(5)

127-2 230 1000 2335 23.8(8)

127-3 230 1000 2335 23.8(7)

127-4 230 1000 2285 13.7(%)

128-1 230 1000 2315 23.2
Meatatyst Loading = 219.6 gm (5) 1qutd 710w reduced to 1/3
(Z)Lurgi Vead gas nominal composition normal rate.

S0% Hp. 25% €O, 10% €0, 15% Ch,. 1) 1quic F1om reduced to 1/6
(”Includu small selectivity to norma rate.

higher alcohols. (")L1quid flow reduced to 1/12
($)no 11quid Frow through bed; gas normal rate.

sparged through stagnant submerged bed.
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At R O

contains a smail but measirable quantity of methanol 2nu dissolved ga
anc¢ the molar flow rate of tie o0il, relative to the gs feed rate, is
high (20/1) at low VHSV. It is probable tnat the reactor is closer to
that of continuous stirred tank reactor rather than the assumed plug flaw
model. Accounting far this difference would have the desired result of
adiusting the high conversion Kl values sharply upward.

The kinetic model s probahly applicahle for a range of gac compesitione
cver a reasonrable nperaling rance except at lower values of gas to liquid
flows, Also the catalytic effect of 602 concentraiion of rate will
have to be handled empirica’ly.

Nomenc Tature

¢ Liquid Fhase C® Concentr:.ion: gm mc1es/cm3
F Molar Feed Rate: gm nolec/hy
K Reaction Rate Constant; gm moles/hr-gm cat-{gm mo‘es/cm3)
Kl Reaction Rate Constant; gm moles/hr-gm cat-atm
Ky Herry's Law Constant: atm/mole rraction
M Liguid Phase Molecular Weight; gm/gm moles
v CO Partial Pressure; atm
PT Totai Pressure; atm
p* { iquid Phase Vapor Pressure; atm
leaction Rate; gm motes/hr - gm cat
W Catalyst Weight; gm

b4 (0 Fractional Cenversion
I Liaquid Phase Density
Subscript

Ey At reaction equilibriun conditions.




Empir ical Model

At a later stage of the levelopment program anotnér approich was taken to
develop an empirical model. This method calculated the CO conversion in
terms of an approach to equitibrium (measured 1in °c; rather than as an
absolute value for CO .caversicn,

turgi-Type Feed Gas. Equilibrium conversion for a Lurgi-type feed gas
150 % My 255 €0, 10% COZ‘ 15% CHa) at 1000 psig is snown on Figure
6-1. This curve was used to transform ine experimentally observed CO
conversion value ints an approzch to the equilibrium temperature. Figure
8-2 presents the data for this gas coaposition showing conversian versus
space velocity and temperature for B3¢ runs with a coar<e-crushed
catalyst (-12416 Mzsh). Ry definition the conversfon at ze~0 space
velonit, (infinite residence time) is the equilibrium conversion at the
reaction temperature. The crossing of the various isotherms 1S a result
of the inverse relationship of equilibrium conversion with temperature
Gffset by the direct relationship of reaction rate with temperature.
When these data 1~ transformed iato an anproach to equilibrium value and
pintted versus space velocity fur the various temperatures, the result is
an eastly discernit-le family of curves a: shown in Figure 8-3. Note that

at zero space veiocity, equilibrium conversion is assumed (zero approach).

Data obtained with different size catalyst particles, -16+20 mesh and
3/32" @ tahlets, were also subjected to the same analysis. The results
are shown on Figures B8-4. 8-5, B.5, and 8-7. Again, a good correlation
is obtained.

One advantage to this correlating tectnique is that it provides a clear
visual assessment of relative catalyst activities., The data in Figures
8-3, -5, and -7 are combined on Figure 8-8 to provide such a
aerspective. At 250°C the coarse-crushed catalyst (-12+16 7ok} has no
activity advantage over the 3/32" table's while the finelv-crushed
catalyst (-16+20 mesh) offers significant advantages over  both
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APPAROACH TO EQUILISHIUM ,°C

FIGURE &-3
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TIGURE 8-5

APPROACH TO EQUILIBRI!UM VS, SPACE VELOCITY
FOR A LURGI FEED GAS AT 1000 PSIG WITH i6~20 MESH

GUILIBRIUM , °C

TO

APPROACH

904

80+

CATA.YST A

200 °C

LURGI  GAS

PRESSURE = |000 PSIG
CATALYST = — |8 ¢ 20 MESH
CATALYST "a"

04 MpPC
H2 80
co 28
CO3 10
CHy 18
TOTAL 100

80+

40+

30+

%0+

10'1

SPACE VELOCITY, VNSV

/0 o

CHEM  sYSTEMS NG,
mesoer m. 228  pars

LJ N

3000 4000 8000

8-12




CONVERSION , %

co

FIGURE 8-5

T
CO CONVERSION VS, SPACE VELOCITY FOR
A LURGI FEED @GAS AT 1000 PSIG
" WITH 3/32° TABLETS CATALYST A
8 — LURGI GAS
PRESSURE = 1000 PSi¢ MPC
CATALYST = 3/32" TABLETS #a S0
CAT2LYST “A" ¢ 23
Cuyp io
50— CH, s
: TOTAL 100
e
.og\
33~
30 -
2s-/
a © a270 ¢
a
20 v L] v T v |
e 1000 2000 3000 4000 8000 6000

SPACE VELOCITY, VMHSV CHeM  sveTEms  mc.
muwntr w2208 s

8-13



TO EQUILIBRIUM, °C
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coarse-crushed and tehlets. Ii is hard to believe that the difference in
catalyst diameter (833-991 microns vs 991-1400 microns) accounts for the
increased rata in this particular instance. Thus the data for the -~12+id
mesh 1s somewhat suipect.

K-T Type Feed Gas. Exper‘mentz) data from runs using a K-T feed gas were
also analyzed. Figure B-9 §s the equiiibrium <0 conversion versus
temperatur2 at 1000 psig for a g2s composition of; 36% H,, 56% 0, 2K
mz. 6% Ar. Ficures 8-1C and 8-11 show experimental data for 1/32" @
catalyet tahlets while Figures 8-12 and 8-13 show data for the -12+16
mesh catalyst size. The Timited amount of BSU data for a K-T feed ges
and the slightly different gas compositions “or various runs inhibit fira
cenclusians ahouat relative catalyst activity., Prcyisionally, analysis of
Fiqures B-11 and B-13 shuws that the 3/32" @ tabiets are more active than
the coarse-crushed catalyst (-12+16 Mesh). Since the astual runs were
performed at different time perjods, these resulls are suspect.
Additional data on a consistent basis must be obtained before any
definitive conclusions can be made regarding catalyst activity.

The empirical methoed of using an approach to equilibrium concept is
valuable for evaluating LPMeOH experimenta data and sh-uld be used in
future labrratory analyses and presentations. This technique also
provides a foundatfon for performing future regression analyses which
will relate operating pressure, space velocity, catalyst type, and
operating t.wperature tc predicted conversfons. Its use, in conjunction
with more rigorous analytical rodels should greatly improve tne ability
to predict performance under a wide variety of operating condftions.

METHANOL PRODUCT ANALYSIS

Lurgi Feed Gas

A detailed chromatographic analysis was performed on representative
me:hano1 product samples from the three POU and one long duration BSU
runs made with Lurgt Feed gas. The analyses are presented in Table 8-3.
The product 1s sudbstantially methanmol { 95 weight percent), with the
bulk of tha remaining material being co-product water and dissolved
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ANAL
IDENTIFICATION OF MINOR COMPCNINTS

COMPONENT

Methanol
Methyl Formate
Ethanol
{-Propanoi
Methyl Acetate
n-Propanol
t-Butanol
sec-Butanol
i-Butanol
n-Butancl
t-Amy1 Alco..o]
2- and 3-Pentanol
i-Pentanol
1-Pentanol

66 and Higher
Alcohols

0il
Water

TOTALS

No. 1

98.00
0.20
0.20
0.02
0.02
0.07
0.01
0.02
0.03
0.04
0.07
0.02
¢.03
0.02

0.02
0.67
2.50

100.00

TABLE 8-3

¥YSIS OF METHANCL SAMPLES

Pw "
CONTIMIOUS

No. 2 No. 3
35.90 96.20
0.25 0.18
0.25 0.31
0,02 0.01
0.04 G.04
0.19 0.0
9.6) 0.0}
g.C3 0.03
.03 0.02
0.04 0.06
0.02 0.01
0.02 0.03
0.01 0.01
4.0 0.02
0.02 0.02
1.58 1.86
1.69 1.12

100.00  100.00

8sy
CONTINUOUS
LIPS

No. 1

.70
.09
.45
.0
.03
A7
.01
.04
.04
.09
.0
13
.03
.04

D
~n

D 0O DO 0 000 ¢&C OO OoOCcC o

H —~ O
=
Q




process oil, Sra:l guantities of neariy fifteen co-products whose total
mounted to less than 1 weight parcent) were also identified. The higher
concentraticn of wates and lower concentration of 1ight componerts in the
BSU product (as compared to the PODU products) is due to the repeated
exposure to the atmosphere of the product tank over the thirty-day run
period. The orocess liquid concentration for al’ of the samples are
g - °rally in line with the values obtained in previous runs and in
caiorated s2lubility tests performed and documented in Section 8.

Koppers-Totzek

Subsequent lcng term BSU and PDU tests with a K-T feed gas yielded
product alcohols wnich were sutstantially different from those ohtained
vhen ucing a Lurgi feed gas. Methanol content was Tower, normally about
90 p2arcent. with nearly 10 percent higher alconols, Water content was
less than 0.5 percent in all cases. Compositions of the X-T products are
compered to a Lurei gas product in Table 8-4,

LTQUID PHASE ACTIVITY COEFFICIENTS

During the study of the physical displacement of the methanol chemical
equilibrium via flash vaporization (see Section 5), circulating process
Yiquid samples were collected and anaiyzed for MeOH content. The data
were evaluated to determine the effective methannl/process liguid
activity coefficients accordine to the relationship:

><
<3

= Mole fraction MeOH in the vapo *

= Mole fraction MeOH in th: liquid

= Vapor pressure of MeQ

Tntal systesr pressure

Activity coefficient of MeOM/oi’ cystem:
ratic of the actual partfal pressurz to
the partial pressure which could occur if
Raoult's iaw were obeyed

where:

-<._1‘°‘g><-<
)
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CHROMATOGRAPHIC ANALYSIS OF METHANOL SAMPLES:
(Compositton; wt%)

Lamponent

Hetharol
Methyl Fiurmate
Ethano’
1-Propano’
Hethyl Acetate
n-Prapanol
Ca Alcvhols
C5 Alcohals
56+ ijcohols
Water

TABLE 8-4

Lurgl Gas

96.16
0.17
.32

tr
0.0?
0.14
0.23
0.33
0.96
2.n

EFFECT OF FEED GAS

Koppers-Totzek
BSU POy
91.44 89.60
.24 0.39
2.55 2.46
tr tr
0.78 1.02
1.23 1.31
1.43 2.67
1.40 1.14
0.55 1.09

0.51

0.33




The activity coefficlent; determined in this manner are summarized 13
Table 8-5. As expected, the activity coefficients for the mineral of!}
system are on the order of 2-3 times greater than that calculated for the
aromatic ofl system. Therefore, for a given MeM vapor phase
concentratior, the corresponding MeOM 1iquid phase concentration will be
substantially lower in mineral oi} process liquid as compared to an
aromatic process liquid,

‘SOLUBILITY OF MINERAL OIL IN METHANOL-WATERK

The solubility oi mineral oil in the condensed wethanol product is a
function of t.th :iemperature and water content f the methanol. Water
can be produced Ly the reaction of CO? o form metharol.

30H + H20

*’
€0, + 34, ~<—— CH
It is possible, with partial oxidation gases {which are hydrogen
deficient) to operate in a nearly water-free system (e.g., with water

concentrations in the methano! product of 0-1 welght percent).

Mineral oi1 in the methano! product can be removed by either flashing the
methanol product or passing it over a carbon andsorption bed. In some
instances, however, this separation may not be varranted, and the loss
rate of 011 solvent would have to be ascertained,

The sclubility of o011 in methanol in the presence ¢f different amounts of
H;_,O was measured. Five mixtures of 1:1 methanol to Witco 40 011 were
Frepared containing 0, 0.5, 1, 2.5, and 5 percent Hzo. Tne mixtures
were shaken for ive minutes, then 13ft to separate fn a constant
temperature environment for two to twenty-four hours.

Quantitative snalvtical standards of oil in methanol and cyclchexane were
prepared cuvering the range frcm 0.2 to 2.0 percent. Standarc injection
technigue was used to calculate the concentration of 511 i1 methano!

Tayer,
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The solubilities of mineral oil in methano! containing, 0, 1.0, 2.0, 5.0,
and 10.0 weight percent water at ?0°F, 70°F, and 120% are listed
in Table 8-6 and presented graphically in Figure 8-14. As expected,
increased water concentration and Jowered temperatures reduce the oil's
solubitity,

GAS SOLUBILITY IN MINERAL OIL

The experiments performed during the flash vaporization tests (sea
Section V) provided data on ga:c component solubility at reaction process
conditions. By comparing the “flash gac" flow rate and composition with
the com jnent partial pressures prior tc flashing  the component Henry's
Law constant Hy {atm/mole fraction) were calculated using the following

equation:
H, = P
ol T ]
i TFPF . ‘_F;-'P'F -
where, * Total pressure prior to “lashing; atm

»
1)

p
P. Flasa pressure level; atm
o Component partial pressure cver Yiquid prior to

flashing; atm

Y. = Component composition of “flash* gas; mole fraction
L' = Flash of) flow rate; gm mole/hr
v = Flash gas flow rate; gm mole/hr

p
v \'P_I:'LFT)= Total gas disolved in flash oifl; gm mole/br

A1l the process runs (Run 137-] thrnugh Run 160215 during the flash
vaporization test serips were examined. Tauividull comuotent Henry's
Law constants were calculated, and the averaged valuses s presented in
Tab“e 8‘70

More than % percent of the calculated values lie witnin a 10 perceat
scatter band.
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TABLE B-6
SOLUBILITY OF WITCO 40 MINERAL OI'. IN METHANOL-WATER SOLUTIONS

WEIGHT % OIL SOLUBLE IN MeCH

MIXTURE No. O_'I_ZD% BASED ON MeOH Wi. AT 20°F AT 70°F AT 120°F
1 0 1.4 2.9 7.2
2 1.0 A 1.9 5.0
2 2.0 0.9 1.5 3.0
4 5.0 0.5 1.3 2.1
5 10.0 0.3 0.4 0.5
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TABLE 8-7

COMPONENT MENRY'S LAW CONSTANTS
IN WITCO 40 MINERAL OIL AT 230-250°C

Method of Literatire

Csl Osburn and VYalue for
Experimenta’ Markovic (1) n-con42
Hf; H'; ‘ “i;
atm/mole fraction  atm/mole fraction atm/mole fraction
H, 490 600 860 3) at 150% (n-Cy )
CHy 365 110 220 (2) a1 200%
275 3) at 150%
c0 235 230 550 (3) at 60°C (n-C,g,,)
o, a3s - 165 3) at 100°%

Witc 40 Properties

Molecular Weight = 250
Density at 207 = 0.81 gm/cm3
230 - 250°C = 0.62 gn/cm’
Surface Tension at 20°C = 32 dyne/cm
230 - 240° * 13 dyne/cm

1) J.0, Osburn and P.!. Markovic; Chem. Eng. Aug. 25, 1969,
pp. 105-308.

(2) C.C. Cheppelow and J.M, Prausnitz; AIChEJ, 20 (6), Nov. 1974,
pp. 1097-1103. -

(3) Institute of 3as Technology - Coal Conversion Databook.




As a basis for comparison, Table B-7 also coniains Henry's Law values as
Predicted hy the method of Osdburn and Markevic, and experimental values
of gas solubility in <imilar Viquids, such as n-decane or n-eicosane.
While the absolute vaiuas methods vary greatly for each method, all
predict the same relative solubilities among the components. In the
order of increasing solubility, they are;

H?<C0<CH‘<C0?





