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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to
any specific commercia product, process, or service by trade name, trademark, manufacturer, or
its endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.



ABSTRACT

Research Triangle Institute (RTI1), Eastman Chemical Company, and Bechtel collectively are
developing anovel process for the synthesis of methyl methacrylate (MMA) from coal -derived
syngas, under a contract from the U.S. Department of Energy/Federa Energy Technology Center
(DOE/FETC). This three-step process consists of synthesis of a propionate, its condensation with
formaldehyde, and esterification of resulting methacrylic acid (MAA) with methanol to produce
MMA. Over the last quarter, RTI carried out activity tests on a pure (99 percent) Nb,O; catalyst,
received from Alfa Aesar, under the following experimental conditions: T=300 °C; P=4 atm,
72:38:16:4:220 mmol/h, PA:H,O0:HCHO:CH,OH:N,; 5-g catalyst charge. For the pure Nb,O,
material, the MAA yields (based on HCHO and PA) were a 8.8 and 1.5 percent, clearly inferior
compared to those for a 10-percent Nb,O./SIO, catalyst (20.1 and 4.5 percent). The X-ray
diffraction (XRD) patterns of pure Nb,O, and 20-percent Nb,O,/SiO, catalysts show that while
pure Nb,O; is very highly crystalline, SO, support makes for an amorphous nature of the 20-
percent Nb,O,/SIO, catalyst.

Over the last quarter, RTI also began research on the use of dimethyl ether (DME), product of
methanol dehydrocondensation, as an alternate feedstock in MMA synthesis. As aresult,
formaldehyde is generated either externally or in situ, from DME, in the process envisaged in the
contract extension. The initial work on the DME extension of the contract focuses on a tradeoff
anaysis that will include a preliminary economic analysis of the DME and formal dehyde routes
and catalyst synthesis and testing for DME partial oxidation and condensation reactions.
Literature guides exist for DME partia oxidation catalysts; however, there are no precedent
studies on catalyst development for DM E-methyl propionate (MP) condensation reactions,
thereby making DME-MP reaction studies a challenge. The design of a fixed-bed microreactor
system for DME feedstock studies was also finalized over the last quarter. The system is designed
to be operated either in DME partial oxidation mode (for formaldehyde synthesis) or DME-MP
condensation mode (for MMA synthesis).
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EXECUTIVE SUMMARY

The Research Triangle Ingtitute (RT1)-Eastman-Bechtel team is developing a novel process for
the synthesis of methyl methacrylate (MMA) from coal-derived syngas. The three-step process
consists of synthesis of a propionate from ethylene, carbon monoxide, and steam,; its condensation
with formaldehyde to produce methacrylic acid (MAA); and esterification of MAA with methanol
to yield MMA.. Preliminary economic analysis of the RTI three-step route shows that the process
IS cost-competitive with five other commercial or near-commercia technologies to make MMA.
The results on process economics clearly warrant continued research on the RTI three-step
process.

Over the last quarter, RTI carried out activity tests on a pure Nb,O. catalyst and compared the
MAA yields (based on HCHO and PA) to 10 percent Nb,O./SO, catalyst. At nominaly identical
experimental conditions, the pure Nb,O, catalyst gives about one-haf the yields of a 10-percent
Nb,O,/SIO, catalyst. It therefore appears that the Nb,O./SIO, catayst system is still definitely the
preferred one for formaldehyde condensation reactions. In a further attempt to cut costs, the RTI-
Eastman-Bechtel team is investigating a dimethyl ether (DME)-based process for MMA synthesis.
In the envisaged process, formaldehyde required for condensation reaction is generated from

DME partial oxidation, either in situ or externally. Methyl propionate (MP) is used as a propionyl
source, instead of propionic acid. The DME-MP system selectively produces MMA and does not
require costly acid-ester-water separation, which negatively affects process economics. Initial
work on the DME route focuses on tradeoff analysis which includes preliminary economic
analysis of the DME route and the origina RTI route, as well as DM E-MP condensation reaction
studies.

RTI aso finalized the design of a fixed-bed microreactor system for DME feedstock studies. The

system is designed to be operated either in aDME partia oxidation mode (for formaldehyde
synthesis) or DME-MP condensation mode (for MMA synthesis).

vi



INTRODUCTION

The most widely practiced commercial technology for the synthesis of methacrylic acid (MAA)
and methyl methacrylate (MMA) is the acetone cyanohydrin (ACH) process. The ACH process
requires handling of large quantities of extremely toxic and hazardous hydrogen cyanide and
generates copious amounts of ammonium sulfate wastes that are either discarded or reclaimed at
substantia cost. The ACH technology is currently environmentally and economically untenable for
any new expansions, primarily because of the cost of either disposing or regenerating the bisulfate
waste.

There is a strong drive within the chemical industry for a replacement process for MMA synthesis
(Gogate et a., 1996a, 19973, 1997b; Spivey et ., 1995, 1996). Thereis a particular interest in
the process that is not petroleum-based, but rather based on domestically produced coal-based
syngas. The Research Triangle Institute (RTI)-Eastman-Bechtel three-step process (shown
schematically in Figure 1) is comprised of the following steps:

Step 1: Propionate synthesis from ethylene (1) and ethylene plus propionic acid (2)

H,C=CH, + CO + H,0 - CH,CH,COOH (1)
CH,CH,COOH + CO + H,C=CH, > (CH,CH,CO),0. )

Step 2: Condensation of propionate with formaldehyde

(CH,CH,CO0),0 + HCHO — CH,=C(CH,)COOH + CH,CH,COOH (3)
CH,CH,COOH + HCHO — CH,=C(CH,)COOH + H,0 (4)
(CH,CH,CO0),0 + 2 HCHO —~ 2 CH,=C(CH,)COOH + H,0 (5)

Step 3: Esterification with methanol

CH,=C(CH,;)COOH + CH,0OH — CH,=C(CH,)COOCH, + H,O. (6)
HCHO

(H>0) (Formaldehyde) CH3OH  H,SO,

(HD (e}

[l

<”3 CH, =G~ C—OH CH,=C—C—CHs
a0tz - Eyene 10HCH €O [cormagomyae] €4 | wpa | cm
H,0— ation Propionic Acid | condensation [y, crviic Acid | ESterification [y, Methacrylate
I I (HOPT) I I (MAA) I I
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Boilers

Figure 1. The RTI-Eastman-Bechtel three-step MMA process
(with external formaldehyde feed).



In this proposed process for MMA manufacture, Step 3 is aknown art. Steps 1 and 2, however,
present a challenge for successful commercia demonstration of the process. The condensation
step (Step 2) is composed of two separate condensation reactions ([3] and [4]) that give the
overall stoichiometry shown in Reaction (5).

As stated earlier, the first two steps represent the key technical challenges for a successful
commercial demonstration of this process. These have been the focus of the RTI-Eastman-Bechtel
team research effort.

The first step, propionate synthesis, focuses on two tasks:

» Development of a homogeneous catalyst for propionate synthesis
* Preliminary design and economic anaysis.

The second step, condensation of formaldehyde (HCHO) with the propionate, is also focused on
two tasks:

» Development of acid-base catalyst for condensation reaction
» Development of combined methanol partial oxidation-condensation catalyst for one-step
MMA synthesis.

The progress toward achieving these goals is addressed in the following sections.
RESULTS AND DISCUSSION
Task 1. Propionate Synthesis (Eastman and Bechtel)

Eastman has completed the experimental work and economic analysis for the overall process. The
results have been well covered in earlier reports. Based on Eastman’s economic analysis, the RTI-
Eastman-Bechtel three-step process is cost-competitive with five other commercial or near-
commercial technologies for MMA manufacture.

Detailed results on the economic analysis have been given in earlier reports. The product value
comparison for the RTI-Eastman-Bechtel three-step route with five other MMA routes shows
that the RTI three-step process at 52¢/Ib MMA is competitive with all other technologies for
MMA manufacture, except propyne carbonylation (at 44¢/Ib). These encouraging economic
results clearly warrant further research on the RTI three-step process.

Task 2. Condensation Catalysis (RTI)

The condensation of formaldehyde with propionic acid is a synthetic route to MAA and MMA.
The reaction is considered to be acid-base catalyzed (Gogate et al., 1997a, 1997b). The catalyst
development effort at RTI has focused on developing an active, selective, and stable condensation
catalyst for this reaction. As aresult of screening over 80 potential catalytic materials, Group V
metals including vanadium, niobium, and tantalum have been shown to be effective condensation
catalysts. The performance of a 20-percent Nb/SIO, catalyst, in terms of formaldehyde and
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propionic acid conversions and MAA selectivity, at nomina operating conditions of 300 °C, 2
atm, mole flow rates of propionic acid:formal dehyde:nitrogen 72:16:200 mmol/h, 5-g catalyst
charge (0.7- to 1.1-mm size fraction), and a volume hourly space velocity of 1,080 cm*/g cat-h has
been demonstrated to be the most superior.

Over the last quarter, RTI carried out activity tests on a pure Nb,O, catalyst (Alfa Aesar). The as-
received catalyst was calcined at 350 °C for 4 h and at 450 °C for 6 h, in aforced-air convection
oven. The catalyst was sieved into a0.7- to 1.1-mm size fraction for condensation tests. The
catalyst (5-g portion) was tested at the following conditions:

. 300 °C
4 atm
59
72:38:16:4:220 mmol/h, PA:H,0:HCHO:CH,0OH:N, 0.

'I'IE'U—|

The results, summarized in Table 1, show that pure Nb,O; is not as effective as a 10-percent
Nb,O,/SIO,, under formalin conditions.

The comparative X-ray diffraction (XRD) patterns of pure Nb,O. and a 20-percent Nb,O./SIO,
are shown in Figure 2. The pure Nb,Og shows sharp, well-defined peaks, indicating a highly
ordered crystal structure with large crystallites of Nb,Os, while the 20-percent Nb,O./SiO, shows
amore broad, amorphous pattern, likely due to amorphous nature of the silica support. The finer
crystallites of Nb,O; may also contribute to an increased activity of the 20-percent (and 10-
percent) Nb,O./SIO, catalysts compared to pure Nb,O.. The pure Nb,O, catalyst is currently
being characterized for its physical and chemical properties to further understand the activity
differences between these two catalysts. A patent application has been filed by RTI-Eastman
researchers on the niobium catalyst (Gogate et al., 1996b).

Based on the Eastman-Bechtel economic analysis (presented in Task 1), the sensitivity of the
reaction rate (g MAA/g cat-h) of condensation step and the deactivation of condensation catalyst
have the most significant impact on the MMA product value. Current research at RTI has
therefore focused on:

* improving the reaction rate (from the current value of about 200 g MAA/g cat-h)

» enhancing the catalyst life on-stream, for the current 10 percent Nb,O./SIO, catalyst. This
catalyst deactivates from an initial MAA yield of 58 percent (based on HCHO) to 31
percent over 180 h under trioxane conditions, at 300 °C, 2 atm, 72:16:220 mmol/h,
PA:HCHO:nitrogen.

Task 3. Slurry Reactor Studies (RTI and Eastman)
Currently, the RTI-Eastman-Bechtel research team has decided to deemphasize the in situ

oxidative condensation of methanol with propionic acid (PA), in the presence of oxygen.
Eastman's assertion that the three-step methanol route consisting of external formaldehyde



Table 1. Comparison of Pure Nb,O. and 10% Nb,O./SiO, for Condensation Reactions?

MAA yield/HCHO (%) MAA yield/PA (%)
Pure Nb,Og 8.8 1.56
10% Nb,O,/SIO, 225 4.92

T =300°C, P = 4 atm, feed makeup: 72:38:16:4:220 mmol/h, PA:H,0:HCHO:CH,OH:N.,.

ID: NbSiOx#2
File: NBSIO #2.MDI Scan: 5-75/.01/1/#7001, Anode: CU

Calcined Nb

Intensity (arbitrary units)

\\J\U \M\\J NbSIO,

Figure 2. Comparative XRD patterns for pure Nb,O. (labeled as
calcined Nb) and 20% Nb/SiO, (labeled as NbSiO,).

generation, condensation of formaldehyde with PA, and external esterification of MAA islikely to
be cost-competitive with existing technologies for MMA manufacture was the basis for this
decision. Based on Eastman's economic analysis, the in situ durry reactor process devel opment
was deemphasized in favor of the more attractive RTI three-step route. It is likely that the lurry
reactor technology be revisited at the end of the dimethyl ether (DME) extension of this contract
(dlated for completion on March 31, 1999).

Task 4. DME Feedstock Evaluation (RTI and Eastman)



The DME extension of the current contract on synthesis of acrylates and methacrylates from coal-
derived syngas began on April 1, 1997. This 2-year extension increases the period of performance
to March 31, 1999, and focuses on studying the use of DME rather than methanol as a source of
formaldehyde. Specificaly, the original RTI-Eastman-Bechtel three-step route to MMA uses
methanol to generate formaldehyde in the external formaldehyde generation step. This
formaldehyde is subsequently condensed with PA, and the resulting MAA is externally esterified
with methanol to form MMA.. The DME extension of this contract will study the uses of DME to
generate formaldehyde, either externally or in situ.

With three formaldehyde, three propionyl, and two methyl sources, there are atotal of 18
different possible routesto MMA.. These are summarized in Table 2. Based on a detailed reaction
pathway analysis, shown in Figure 3, Cases 3 and 17 are selected for further studies. Case 3 isthe
original RTI three-step route with propionic acid as the propionyl source and an external
formaldehyde source. Thisroute is termed as the formaldehyde route. Case 17 is the MMA route
of the extension to this contract, with MP as the propionyl source and DM E/methanol partial
oxidation as the formaldehyde source. Thisis termed as the DME route.

The RTI-Eastman-Bechtel three-step route (formaldehyde route) is cost-competitive with all
commercial or near-commercial technologiesto MMA manufacture. At the outset, asimilar
economic study will be carried out on the DME route to evaluate its economic merit. This study
will be carried out primarily by Bechtel, with guidance from Eastman.

Over the last quarter, RTI has completed the design of a fixed-bed microreactor system for DME
partial oxidation reaction and DM E-MP condensation reaction studies. The schematic of the
proposed reaction system is shown in Figure 4. Finaly, the RTI-Eastman-Bechtel team proposes
to demonstrate and develop the DME route in a three-phase slurry reactor.

CONCLUSIONS
1. Status

Task 1 (Propionate Synthesis) is complete. Task 2 (Condensation Catalysis) is nearly complete.
The niobium catalysts resulting from Task 2 have proven to be active, selective, and stable for
condensation reactions. Task 3 (Slurry Reactor Studies) is on hold and will likely be revisited
during the DME extension (Task 4) of the current contract. Preliminary economic analysis of the
RTI-Eastman-Bechtel three-step process compares very favorably with five other commercial or
near-commercial technologies to produce MMA. These economic results clearly indicate the
commercial viability of the RTI three-step process (formaldehyde route), and warrant continued
research, particularly in the area of catalyst deactivation and in enhancing the reaction rate in
condensation step. The DME route which is a subject of the 2-year extension to the original
contract (which has studied the formal dehyde route) can be potentially even more cost-effective
compared to the formaldehyde route. Current research on the DME route focuses on assembly
and operation of a fixed-bed reactor system for DME partial oxidation reaction and identification
of suitable catalyst systems for DME-MP condensation reactions.



Table 2. List of Possible Routes to MMA

Case Me feedstock Pr feedstock Formaldehyde source
1 MeOH HOPr MeOH dehydrogenation
2 MeOH oxidation

3 External formaldehyde
4 Pr,O MeOH dehydrogenation MeOH
5 Oxidation
6 External formaldehyde
7 MeOPr MeOH dehydrogenation
8 MeOH oxidation
9 External formaldehyde
10 DME HOPr MeOH dehydrogenation
11 MeOH oxidation
12 Externa formaldehyde
13 Pr,O MeOH dehydrogenation
14 MeOH oxidation
15 Externa formaldehyde
16 MeOPr MeOH dehydrogenation

17 MeOH oxidation
18 External formaldehyde

H,C = CH,, CO
y H,0
PrOMe PrOH PrOH
DME, DME,
Hi%OHl Ni 'lzc/ lMeoNi
02 02
\MQA/ MMA MMA MAA \M\Ii\(/IA/ MMA
wiaa o osiaa A v Jreor A,
Pr,0O
H,CO DME, VMA
‘/M%OH, X
Y
MAA \MyA/ MMA
MAA_
DME route

Formaldehyde route

Figure 3. Reaction pathways for MMA synthesis.
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Figure 4. Proposed fixed-bed microreactor system
for DME feedstock studies.

2. Forecast

Current and ongoing research on the RTI three-step methanol route focuses on the following:
* ldentification of stable cations for Nb matrix

* Reaction kinetics, including reaction orders in formaldehyde, propionic acid, and
activation energy of the reaction to validate Eastman's assumptions regarding reaction
orders incorporated in their economic analysis.

Theinitial research on the DME extension of this contract will focus on the following:

» Tradeoff analysis-The tradeoff analysis will include a preliminary economic analysis of
Route ® (DME route) and Route @ (methanol route) and will focus on material and
energy balances, equipment design, and cost estimates.

» Catalyst synthesisfor DME partial oxidation and condensation—Fixed-bed tests will be
carried out on both the partial oxidation of DME to formaldehyde and condensation of
MP with DME/methanal, initially with externally generated formaldehyde.
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