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ABSTRACT

Research Triangle Institute (RTI), Eastman Chemical Company, and Bechtel collectively are
developing a novel three-step process for the synthesis of methyl methacrylate (MMA) from coal-
derived syngas that consists of the steps of synthesis of a propionate, its condensation with
formaldehyde to form methacrylic acid (MAA), and esterification of MAA with methanol to
produce MMA.  RTI has completed the research on the three-step methanol-based route to
MMA.  Under an extension to the original contract, RTI is currently evaluating a new DME-
based process for MMA.  The key research need for DME route is to develop catalysts for DME
partial oxidation reactions and DME condensation reactions. 

Over the last month, RTI has finalized the design of a fixed-bed microreactor system for DME
partial oxidation reactions.  RTI incorporated some design changes to the feed blending system,
so as to be able to blend varying proportions of DME and oxygen.  RTI has also examined the
flammability limits of DME-air mixtures.  Since the lower flammability limit of DME in air is 3.6
volume percent, RTI will use a nominal feed composition of 1.6 percent in air, which is less than
half the lower explosion limit for DME-air mixtures.  This nominal feed composition is thus
considered operationally safe, for DME partial oxidation reactions.  RTI is also currently
developing an analytical system for DME partial oxidation reaction system.



iii

TABLE OF CONTENTS

Page

Disclaimer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Executive Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Task 1.  Propionate Synthesis (Eastman and Bechtel) . . . . . . . . . . . . . . . . . . . . . . . 2
Task 2.  Condensation Catalysis (RTI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Task 3.  Slurry Reactor Studies (RTI and Eastman) . . . . . . . . . . . . . . . . . . . . . . . . 2
Task 4.  DME Feedstock Evaluation (RTI and Eastman) . . . . . . . . . . . . . . . . . . . . 2

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1. Status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2. Forecast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5



iv

LIST OF FIGURES

Number Page

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

2 Flammability limits for DME-carbon dioxide-air mixtures . . . . . . . . . . . . . . . . . . . . 4
3 Flammability limits for DME-nitrogen-air mixtures . . . . . . . . . . . . . . . . . . . . . . . . . 4
4 Proposed fixed-bed microreactor system for DME feedstock studies . . . . . . . . . . . . 5
5 Fixed-bed microreactor system for DME partial oxidation system incorporating a

simplied feed system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5



v

LIST OF ABBREVIATIONS

ACH Acetone cyanohydrin
DME Dimethyl ether
DOE U.S. Department of Energy
ESCA Electron spectroscopy for chemical analysis
HCHO Formaldehyde
LFL Lower flammability limit
MAA Methacrylic acid
MMA Methyl methacrylate
MP Methyl propionate
O Oxygen2

WO Tungsten oxide3

XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy



vi

EXECUTIVE SUMMARY

The Research Triangle Institute (RTI)-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, its condensation with formaldehyde to produce methacrylic
acid (MAA), and esterification with methanol to yield MMA.  As an extension to the original
contract, RTI is currently working on the evaluation of a dimethyl ether (DME)-based process. In
this evaluation, DME is used as a source of formaldehdye, and methyl propionate (MP) is used as
the propionyl source.  The key research need for a DME-based process is to develop catalysts for
DME partial oxidation reactions and DME condensation reactions.

Over the last month, RTI has finalized the design of a fixed-bed microreactor system for DME
partial oxidation reactions.  The final design incorporated several changes and made the feed
blending system simpler.  RTI has also examined the flammability limits of DME/oxygen and
DME/air mixtures.  Since the lower flammability limit of DME is 3.6 volume percent, RTI will
use a feed comprising nominally of 1.6 volume percent DME in air, which is less than half the
lower explosive limit for DME, and is thus operationally safe.  RTI is currently modifying its
analytical system for use with partial oxidation reactions.
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Figure 1. The RTI-Eastman-Bechtel three-step MMA process
(with external formaldehyde feed).

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
substantial 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
(Spivey et al., 1995, 1996a, 1996b).  The Research Triangle Institute (RTI)-Eastman-Bechtel
research team is developing a novel three-step process for synthesis of methyl methacrylate from

coal-derived syngas.  This three-step process is shown schematically in Figure 1.  In this process
for MMA manufacture, Steps 1 (ethylene carbonylation) and 2 (formaldehyde condensation),
present challenges for successful commercial demonstration of the process.  Step 3 (MAA
esterification) is a known art. 

The three-step methanol route has been investigated by the RTI-Eastman-Bechtel research team. 
For investigation purposes, the scope of work was divided into three tasks.  Task 1 focused on
the synthesis of a propionate from ethylene, CO, and steam, Task 2 focused on the condensation
of the propionate with formaldehyde, and Task 3 focused on the one-step oxidative condensation
in a slurry reactor.  Due to a promising economic evaluation of the three-step process, where
propionate synthesis, condensation, and esterification are carried out in separate reactors, the
development of one-step MMA process in a slurry reactor (Task 3), was de-emphasized, for now. 
Upon conclusion of the original contract, the RTI-Eastman-Bechtel research team undertook the
development of a DME-based process to MMA, as an extension to the three tasks of the original
contract.  This add-on task was called as Task 4, and termed as DME feedstock evaluation.

Under this extension, the RTI-Eastman-Bechtel research team is studying the use of DME,
instead of methanol, to generate formaldehyde, either externally or in situ.  Methyl propionate
(MP) is used as the propionyl source, instead of PA.  The DME-based route can produce MMA
in one step, and is possibly a cost-effective alternative to the methanol-based route.
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RESULTS AND DISCUSSION

Task 1.  Propionate Synthesis (Eastman and Bechtel)

Eastman has completed the experimental work and economic analysis for the overall process, and
have completed their responsibilities per the statement of work for the original contract.

Task 2.  Condensation Catalysis (RTI)

The catalyst development effort at RTI for condensation of formaldehyde with propionic acid
included a screening of over 81 potential catalysts (Spivey et al., 1998; Spivey et al., 1997a,
1997b, 1996a, 1996b; Gogate et al., 1997), and as a result, Group V metals including vanadium,
niobium, and tantalum have been shown to be active, selective, and relatively stable condensation
catalysts. The performance of a 20-percent Nb/SiO  catalyst, in terms of HCHO and PA2

conversions and MAA selectivity, at operating conditions of 300 EC, 2 atm, mole flow rates of
PA:HCHO: N  = 72:16:220 mmol/h, 5-g (16-30 mesh size) catalyst charge, and a volume hourly2

space velocity of 1,080 cm /g cat@h is the most superior, among the catalysts tested.3

Over the last month, RTI has continued with follow-on characterization work on a 10-percent
Nb/Si condensation catalyst, which was subjected to a long-term reaction-regeneration cycle
study.  In particular, RTI is analyzing the deactivated catalyst by BET-N  surface area, pore2

volume, XPS/ESCA, XRD, and ICP-MS to evaluate the causes of catalyst deactivation.  The
XPS/ESCA studies will be carried out at Eastman, and will measure the reduction in crystallite
size of niobium, as a result of multiple reaction-regeneration cycles. 

Task 3.  Slurry Reactor Studies (RTI and Eastman)

Based on Eastman's economic analysis (presented in annual technical report for FY 1997), the
route.  The slurry reactor technology will likely be revisited at the end of the dimethyl ether
(DME) extension of this contract (slated for completion on March 31, 1999).

Task 4.  DME Feedstock Evaluation (RTI and Eastman)

RTI has initiated the research on the DME route and completed the design of a fixed-bed
microreactor system for DME partial oxidation reactions.  RTI has evaluated the flammability
limits for DME-air mixtures.  The charts have been given in Figures 2 and 3.  Since the lower
flammability limit (LFL) for DME in air is 3.6 volume percent, RTI will use DME-air feed
mixtures of compositions nominally not exceeding 1.6 volume percent DME, which is less than
half the LFL.  For additional safety, RTI will obtain DME-nitrogen mixtures, and blend those in-
house with oxygen or air, as necessary, to attain the required feed compositions.  The schematic
of the original fixed-bed microreactor system for DME partial oxidation and a modifed reactor
design that incorporates a simpler feed blending system has been given in Figures 4 and 5.  RTI is
also working on catalyst synthesis for DME partial oxidation reactions.  Initial catalysts for DME
partial oxidation studies will be based on tungsten oxide (WO ) supported on silica, based on3

literature results. 
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Figure 2.  Flammability limits for DME-carbon dioxide-air mixtures

Figure 3.  Flammability limits for DME-nitrogen-air mixtures
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Figure 4. Proposed fixed-bed microreactor system 
for DME feedstock studies.

Figure 5.  Fixed-bed microreactor system for DME partial oxidation system 
incorporating a simplied feed system
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CONCLUSIONS  

1.  Status 

Task 1 (Propionate Synthesis) and Task 2 (Condensation Catalysis) are complete.  Task 3 (Slurry
Reactor Studies) is on hold and will likely be revisited during the DME extension or upon its
completion.  In Task 4 (DME Feedstock Evaluation), RTI has designed, assembled, and operated
a fixed-bed microreactor system for DME partial oxidation reactions.  The feed blending system
for this reactor system was also modified, so as to be able to blend varying proportions of DME
and oxygen.  RTI has also begun the development of an analytical system, for DME studies.  RTI
has also studied the flammability limits for DME-air mixtures.  Since the lower flammability limit
(LFL) for DME is 3.6 volume percent in air, RTI will use feed compositions of ca. 1.6 volume
percent DME in air, which is less than half the LFL for DME.

2.  Forecast

In the original contract, RTI will carry out follow-on work focused on the following two tasks: 

C Characterization of the used 10% Nb/Si catalyst, from the reaction-regeneration cycle
study, to elucidate the causes for catalyst deactivation.

• Reaction kinetics for vapor phase condensation reaction of formaldehyde and propionic
acid, including reaction orders in formaldehyde, propionic acid, and activation energy of
the reaction.

These two tasks are important in refining certain assumptions made in the preliminary economic
analysis of the RTI-Eastman-Bechtel three-step process.

Current research on Task 4 (DME Feedstock Evaluation) will focus on:

• DME partial oxidation studies, initially with externally generated formaldehyde, to evaluate
several different catalyst systems for these reactions.
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