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Milestone 

Number 

M1 
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M4 
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M6 

M7 

M8 

M9 

,f 
i 

Descri[~tion 

Finalize design of slurry bubble column reactor (SBCR). 

Finalize constructio~ and testing of SBCR. Topical report prepared. 

Completion of catalyst screeiings for study of isobutylene addition during 

formation of alc0hols. Decis[ort made on catalysts to be studied inSBCR. 

Completion of slurry reaction of isobutylene addition during formation of" 

alcohols. 

Completion of catalyst screenings for study of isobutylene addition to FT 

• liquid products using acid catalysts. Decision ma}.le on catalysts to be' 

studied in SBCR. 

Completion of slurry reaction of isobutylene addition to FT liquid products 

using acid catalysts. 

":C0mpletio~ of catalyst screemngs. 

Completion of slurry reaction of alcohol addition during iso-olefin 

'synthesis. 

Finat report issued. 



OBJECTIVES 

The objective of this project is to investigate three possible routes to the formation of 

ethers, in particular methyl tert-butyl ether (lVlTBE), during slurry phase Fiseher-Tropsch 

reaction. The three reaction schemes to be investigated are: 

Addition of isobutylene during the formation of methanol and/or higher 

alcohols directly from CO and H2 during slurry-phase Fischer-Tropseh. 

Addition of isobutylene to FT liquid products including alcohols in a slurry- 

phase reactor containing an MTBE or other acid catalyst. 

Addition of methanol to slurry phase F r  synthesis. 

making iso-olefins. 

WORK ACCOMPLISHED THIS QUARTER 

Work during the fourth quarter concentrated in the completion of the screening of the 

acid catalysts for the conversion of syngas-produced alcohols and isobutylene to MTBE 

(scheme 2). This subtask is now nearly complete and one catalyst has been selected for 

SBCR testing. Other tasks have been delayed due to equipment problem. The construction 

of the SBCR continues to be nearly complete, but full testing has not been finalized. 

Tasks 3, 4, and 5 are awaiting completion of the SBCR system. 

2 



FOURTH QUARTER'S.TECHNICAL REPORT 

INTRODUCTION 

Work this past quarter concentrated in comparing various acid catalysts, primarily 

zeolites, in terms of their cataly.tie properties for the gas phase synthesis of  MTBE. This 

report presents the experimental data obtained with respect to their acitivity, selectivity, and 

'lifetime, along with some preliminary eonelus!ons relating their properties and a sttidy of the 

effect of certain system parameters (e.g. space velocity) to the results obtained. 

t ~ 

EXPERIMENTAL 

A total of five solid acid catalysts have been evaluated this quarter for the gas-phase, -~-~.: 

synthesis of MTBE. These eonsist of four H-Y zeolites with different Si/A1 ratio and " 

different acidities and one amorphous silica-alumina catalyst (Si-A1-O). The ion exchange 

resin Amberlyst-15 which is the commercially used MTBE-synthesis catalyst ha~-~'also been 

studied previously and those results Were reported in the Third Quarter's Technical Report. " 
• , i  

The reaction was studied in the gas-phase using a fixed-bed reactor. Two important/.,' . 

changes have been made to the experimental set-up since the last report. The first is the 

addition of a" liffe pressure regulator for the isobutylene (IBu) in order to eliminate any 
i j !  

fluetuations in the IBu pressure. The second change is the incorporation'of a glass frit in ~e  . 
I'  

reactor onto whieh the catalyst bed is placed. Except for the experiment involving catalyst 

S(LZ12)8, all experiments were perform~l with this reactor type. In order to eompensate.:for 

the increased flow resistance caused by the glass frit, the catalyst mass was reduced and' the 

gas flow rates were adjusted to maintain a constant space velocity. A schematic of the f--~xed- 

bed reactor is shown in Figure 1. 

3 
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Prior to the start of the reaction the catalysts were .heated in-situ from room 
d ":" 

/7 temperature to 400°C at 2°C/minutg and held at the upper temp6rature for 12 hours;, in a 40 

• mL/min flow of helium• Each experiment typically ~onsistext of measurements :it 100°C, 
, :  

175°C, 230°C, and 100°C, in that order. Product analyses ~"re, obtal~ed---~it~each~ temperature 

after 5 minutes, and approximately every hour thereafter f.'~r about four hours. ,In all eases 
• • i~ / 

a steady-state activity was reached very quickly and remained constant :~for the d'uration of the 
.-. ~ '  .~, 

experiment Otli'~r reaction conditions were as follows:~]IBu/MeOH ' = 2; WI-ISV = 4 - 15; 
• • • l , - 

P = 1 atmosphere (nominally). These eondmons ;;were ehosen~:. ,so as to obtmn methanol 

conversions between 2 and 10%. The IBu/MeOH/f/tio//is higher than used commercially. 
I 

However, it is m~re.representative.~f-the..re~ative;¢e~n~entrati~ns-that--wi~.`be--foun-d.-~in--th~`~-~ 
/ /  

proposed reaction schemes. /// 
• :1 ,? 

RF.SULTS AND DISCUSSION ,,~' 
# 

r . . / ~  

Tables 1 ttirough 5 summarize the.~'eatalytic behavior of the five catalysts at steady- . ¢; 

state (i.e. more than two hours on-stream). In general all catalysts were highly active with 

the amorphous $i-Al-O being the least active.. In the initial .stages of the reaction, i.e. after 

five minutes, a wide v.ariety of' products were observed, including signifieant amounts of 

hy'droearbons formed presumably by cracking reactions. These hydrocarbon products 

disappeared quickly, however, and after 60 minu}'es on stream three major products were 

found, mainly MT'BE, dimethyl ether fDME), and the C8 isobutylene dimer. ' These.major 

products accounted for greater than 97 % of al.t products at steady state. Table 6 compares 

. . . . .  th~ initial and steady-state product analyses for catalyst LZ210-12 at each of the temperatures 

studied. 

Figures 2 through 6 shows how the overall conversion and MTBE yield varied with 

time on stream. The high methanol ~nversion observed at first.for the z eglites may actually 
• .,o 

be an artifact due to the finite time of diffusion of the methanol into the pores of the zeolites. 

Also shown in the figures as a solid fine, is t.he predicted equilibrium yield of MTBE based 

on the initial methanol to. isobutylene ratio and assuming only gas phase reaction, It can be 



Table 1. MTBE Synthesis over Zeolite S (LZ 12) 8 

He Flow Rifle : 15 co/rain. 

113 Flow Rate : 7 cc/min. 

113 : MeOH Ratio : 1.7 

WHSV : 14 (gr/gr cat. *h) 

Temp. (* C) 100 175 250 100 

MeOH conv.% 10.1 3.0 4.1 1.25 

MTBE prod.% of MeQH 99.85 42.7 3 .25  100. 

MTBE yield% 10.1 13 0.13 1.:25 

eroouct Analysis (mol%): 

Hydrocarbons : 

C1 

C2 

C3 

Oxygenates : 

C5 

(26 

C7 

C8 

DIVIE 

t-BuOH 

MTBE 

0.1 0 0 0 

0.1 0.2 0.4 0 

0 0.1 0.2 0 

0.1 0.5 0.3 0 

0.3 0 0 0'  

0 0 0 0 

2.1 52.7 49.6 0 

, ¢  

¢. 

0 18.6 43:2 0 

0.1 0 0 0 

97.2 27.9 3.0 100 

o.:,  

6 



Tabie 2 .  MTBE Synthesis over ZeoLite Y62. 

H e  Flow Rate • 12 cc/min. 

.IB Flow Rate : 4 co/rain. 

• IB • M e O H  Ratio • 1.8 

,,WHSV • 17 (gr/gr eat. *h) 

t,, 

%. 

Temp.  (* C) 100 175 230 100 

M e O H  conv.% 

M T B E  prod.% of M e 0 H  

MTBE yield% 

12.4 2.0 2.3 0.9 

99.05 36.5 7.25 97.5 

12.3 0.7 0.16 0.9 

Product  Analysis (mol%) • 

Hydrocarbons • 
4 '  

C1 

C2 

,, C3 

C5 

: C6 

C7 

C8 

Qxygenates : 

0 0.2 0.6 

0 0.1 0 .2  

0 0.2 0.1 :, 

0 0.1 0 

0 0 0 

0 0 0 

3.7 49.7 50,8 

0 

0 

o --~: 

O, 

0 

0 

0.6 

. - .  

DME 0 21.7 37.3 0 

mPropanol 0 1.1 4.8 0 

t-BuOH 0.9 0.5 0 2.4 

MTBE 95.4 26.4 6.2 97 



Table 3. MTBE Synthesis over Zeoli te LZ210-12 
¢ 

q 
He  Flow Rate  : 11 cc/min. 

113 Flow Rate  : 4 ce/min. 

I13: M e O H  Rat io  - 1.8. 

WHSV : 16 (gr /gr  cat. *h) 

Temp.  ( ' C )  , 100 175 .  230 100 

:.~, 

MeOH cony.% 12.6 4.1 2,2 3.9 

• MTBE prod'2% of':~IeOH 98:65 17.0 . 4.5 97.3 

• . MTBE yie.ld% " 12.5 0 .7  0.'i&: 3.8: ,. 

Product  An~ysis  (tool%) : 
"}x 

Hvdrocarb.ons : ~, 

C1 0 0.2 

c2 o iO.1 

(23 0 0 

C5 0 0.2 

C6 0 :- 0.1 

C7 0 0 

(28 2,5 59.1 

Oxygenates : 

DME: 0 27.8 

n-Propanol 0 0.6 

t -BuOH 1.4 0.2 

MTBE 96. I • I 1.7 

0.5 0 

0.2 0 

0.1 0 

0.5 0 

0.1 0 

0 0 

0.8 

28.4 

2 . 8  

0 " 

2.3 

0 

0 

2.6 

96.6 

8 



I ,  

Table 4. 

He  Flow Rate " 1! cc/min. 

IB Flow Rate : 4 co/rain. 

IB : MeOH Ratio : 1.8 

W H S V  : 16 (gr/gr cat. *h) 
-:.i 
i' 

Temp. (°C) 

MTBE S2)nthesisover Zeolite Y82 

100 175 230 100 

MeOH cony.% 7.9 3.7 

MTBE prod.% of MeOH 99.05 18.0 

yi xd  7.9s 

3.7. 1.3 

2.9~ 98.6 
7~, 

0.1 •1.3 

Product Analysis (tool%) : 

Hydrocarbons. : 

"Cl ' 0 : 0:1 
,i 

C2 " .: 0 " 0.2 

C3 0 .' '0 

"C5 0 0.2 

C6 0 0 

C7 " 0 0 

C8 1..4 40.5 

Oxygenates : ~ 

DME 

n-Propanol 

t - B u O H  

MTBE -. 

( . ;  

0.5 0 

0.6 0 

0.3 0 '  

0 0 

0 0" 

0 0 

39.6 0.9 

0 39.3 47.0 0 

0 1.5. 8.8 0 

0.9 0.3 0 I.I 

97.7 17.9 3.29 98.0 

. . J  

°'  t 



Tab~!e 5 . .MTBE Synthesis over Silica._-Alumina 
i .  

He Flow Rate  : 12 cc/min. 

113 Flow Rate  : 5 cc/min. 

IB : MeOH Ratio 1.8 

W H S V  :' 18 (gr/gr ~cat. *h) 

Temp. "i-~:~}' " ,-' ~, 

J 

I00 1 7 5 o 2 3 0  

o 

I00 • 

,.,, 

M e O H  conv.%~: :~., . 5.6 1.8 13.5 1.6 

MTBE prod.% of M e O H  99.5 36.0 0.% 99.0 

MTB:E yield% 5.6 0.7_ 0.1 1.6 

Product Analysis (mo1%) • 

Hydrocarbons • 

C1 
";b. 

C 2 - ,  -~- 

C3 

Oxygenates : 

0 0 0 
,~¢ 

0 0 0 

0 0 0 

0 0 0 

0 ~(} 0.2 

n0 " 0 0 

0.9 64.2 30.8 

C5 

C6 

(27 

C8 

D M E  0 15D 

n-Propanol 0 • 2.1 

t-BuOi-I 0.4 0,3 

MTBE • 98.7 .18,4 

0 

0 

0 

0 

0.7 

5 8 ~  0 

9.1 0 

0.1 1.2 

0.9 98.1 

10 
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Table/61 Comparison between initial and st6ady-state product distribution 
, 

!' 

I, 

i 

I 

I 

-.-~. 

Temp. (" C) 

Hy6rocarbons : 

U 

Cl 
C2 
,:C3 

Isobutene 
!! C5 

C6 
/ C7 
i C8 

DIB .. 

O~qenates : 
'! 

[' DME 
iso~Propanol 
n-Propanol .~ ~.. 
l:.,t-BuOH 
r S-BUOH 
9 MTBE 
li n-BuOH 

for zeolite LZ210-12. Reaction conditions as ! n  Table 3. 

,-.f..t 
.i' 

,z~J 

I, 

i00 
In. S, S. In. 

1 7 5  . . . .  2 3 0 '  1 0 0  
S.S. In. :.S.S~ In. S.S. 

9 ., 

O. 0 .  O. 
O. O. 0 . 6  

O.l O. 0.7 
O. O. O. 
0,6 O. 2.6 
0 . 2  O. 0.8 
O. O. O. 

0.3 O. 4.7 
8.8 2.5 64.6 

~a 

O. O. 21.9 
O. O. ~: 0.i . 

O. O. O. 
0.5 1.4 0.3 

O. O. O. 
89.5 96.1 ~3..4 

O. O. 

0.2 0.2 
0.i 1.3 
O. 0.9 
O. 1.9~: 
0.2 2.2 
0.i I.i 
O. O. 

2.1 14.3 
57.0 44.5 

C, 

27;8 3'2.5 
O. 0.I 
0.6 O. 

• 0.2= 0:i 
O. 0.i 

11'.'7 0.8 
O. O. 

m m ~ m B ~ m ~  

0 . 5  O. 
O .  2 0 .  
0 . 1  p.3 

:o.  o. 
0.5 O. 
0.i O. 
O. O. 

5' .8 O. 
59.3 i.I 

4: 

28.4 O. 
O. O. 
2.8 O. 
O. 0.4 
O. O. 

2 . 3  98.2 
O. O. 

O o  

O. 
O. 
O. 
O. 
O. 
O. 
O. 

0.8 

/ 
/: 

O. t 
O. /c / 

0. / 
2.6; 

". o.:: 
9 6 . 6  

O. 

,0 

11 

_3 
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IvlTBE Synthesis over Zeolite S(LZ 12)8'  
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k4TBE Synthesis over Zeolite Y62 
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seen that at these space velocities and at the higher temperatures, the observed,. MTBE yield j.3" 
is very nearly that predicted by the equilibrium calculation, indicating a pr"~ominant control 

of the reactions. 

Table 7 summarizes the acid characteristics and the catalytic behavior of the ze.olites. 
'1 

One important empirical parameter that is reported in this table is a d~.ctivation coefficient 

which is defined as the difference in MeOH conversion at 100°C between the start and end 

of the experiment divided by the initial I00°C conversion value. Thus, the numbers obtained 

range between zero and one and represent the deactivation of each of the catalysts studied. 

The closer to unity the value of.the coefficient is, the higher the deactivation of the catalyst. 

It can be noted from Table 7, that zeolite LZ210-12 has the most desirable catalytic 

properties, showing high methanol conversion, high MTBE yield, and thelowest deactivation 

coefficient. The Si-A1-O material also exhibited low deactivation but conversion and MTBE 

yield were very small. Zeolites S(LZ12)8 and Y82 both show intermediate behavior,• while 

zeolite Y62 appears to be the least desirable, showing both lo.w methanol conversion and a 

high deactivation coefficient. 

From the comparison of the results presented, in Table 7 some generalizations can be 

made concerning the role of acidity to the reaction. Based only on the initial 100*C data, 

zeolites LZ210-12 and Y62 show the. highest=:MTBE yields and Si-A1-O the lowest (the 

seleetivities are all approximately the same). The low value for Si-A1 might suggest that a 

low acid strength is not favorable for the reaction. However, Y62 also has a relatively low 

acid strength (although not as low r as Si-A1-O) and it exhibited a high MTBE yield. 

whach have the highest acid strengths exhibited lower Additionally, both Y-82 and S(I.,Z 12)8 ""; 

yields. Thus, this study suggests that' an intermediate acid strength is required for optimum 

MTBE synthesis. Unfortunately, similar comparisons cannot be made with 'the commercial 

Amberlyst-15 since it is structurally unstable above 101YC. 

The effect of space velocity on the reaction was studied over eatalb, st LZ210-12 using 

fresh catalyst for each run and varying the space velocity between 4 and 16 hr "I. Only data 

obtained at 100°C was used tominimize the effect of catalyst deactivation rate. 

* . .~*  

" 1 7  



Table 7. Summary of acid properties and steady-state MTBE 

.,:/ synthesis data over various acid catalysts 
7 ,  

Si-A1-O Y62 Y82 S(LZ12)8 LZ210-12 

Si/A1 ratio 

No. of acid 

sites (xl02°/g) 

A d d  strength 

@ioooc 

MeOH cony.,% 

" MTBE yield, % 

~ 175°C 

MeOH cony.,% 

MTBE yield, % 

Deac~vation 

coeffSci~h-F,:, 

1.5 2.5 5.1 8.3 6.0 

-- 27 16 10 '15 

< 1 1.3 8.0 11.5 5.2 
:? 

5.6 12.4 7.9 I0.I 12.6 

5.6 12.3 7.9 I0.I ... 12.5 

1.8 2.0 3.7 3.0 4.1 

0.7 0.7 0.7 1.3 0.7 

0.71 0.93 0.84 0.88 0.69 

18 : 
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The effect of space velocity on the steady state data for MeOH conversion and MTBE 

yield is shown in Figure 7. These results indicate an almost linear relationship between both 

the conversion and yield with the space velocity. Increasing the space velocity by 300% 

(from 4 to 16), resulted in a drop in the conversion and yield of about 30%. This decrease 

in conversion is far below what is expected for kinetically controlled reactions, i.e~ the 

conversion should also have decreased by 300%. At present we have no definite explanation 

for this behavior except to suggest that the gas-phase reaction is affected by diffusion or by 

external mass transfer. 

DETECTION OF MTBE AND MIBE 

Gas chromatography-mass spectrometry (GC-MS) was used to verify the identity of 

the reaction products, particularly MTBE. It was also used to confirm the absence of methyl- 

isobutyl ether (MIBE), an octane r~ucer, in the MTBE signal which other investigators have 

reported as a major by-product in the reaction over strong acid sites (Klier, 1991). 

The reaction products were analyzed using an Extrel GC-MS. The fragmentation 

pattern of the substance identified as MTBE by gas chromatography is shown in Figure 8. 

This pattern can be compared to those shown in Figure 9, corresponding to MTBE and MIBE 

obtained from the GC-MS library. Simple inspection shows a good match between the 

MTBE library spectrum and the prod'uct spectrum as well as the lack of a signal at role=45 

corresponding to MIBE. It thus appears that these catalysts are not strong enough acid to 

catalyze the reaction to MIBE. 
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..CATALYST SELECT!QN ,.~ 

Based on the results to date and presented in' this report, it is proposed to further 

evaluate catalyst LZ210-12 in the SBCR for the reaetion of isobutylene'with syngas-based 

alcohols. As was shown in Table 7, this particular catalyst represents a compromise between 

high methanol conversion activity and low deactivation during the gas-phase testing~ All of 

the zeolites tested exhibited nearly 100% selectivity for MTBE from methanol at 175°C and 

230"C. 

WORK PL~kNNED FOR NEXT REPORTING PERIOD - 

During the fifth quarter of this work we plan to complete the study of the acid 

• catalysts and resume the evaluation of catalysts for the incorporation of isobutylene during 

alcohol synthesis. We also. plan to have the SBCR in operation. 

I i  
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