Chapter 6

CATALYSIS FOR INDUSTRIAL CIEMICALS
J. E. Lyons and G. W, Parshall

6.1 INTEODUCTION

The chemical iniusizy in the U. S. produces a spectrum of materials that find their way into il
other industries and inic products used in every household. The industry employs about 1.2
million worker.. These individuals produce about $140 billion worth of materials ranging from
household detergents to pharmaceuticals to polymer-based plastics. fibers, and films.

A major scent of the chemical industry business is an array of about thirty organic chemicals
and polymers that are used in applications that touch our lives daily. These ~hemicals are
produced on a huge scale (Tables 1 and 2) and, collectively, are worth over $60 billion. They
are Jargely commodities produced to meet standard specifications and are sold primarily on the
basis of price. Because the scale of production is so large, they are a major factor in the
chemical industry’s effort to develop manufacturing techinology that meets the environmental
expectations of modern society.

Catalysis is a major technology used in the manufacture of commodity chemicals. The
chemicals produced by caialytic processes are highlighted in Tables 1 and 2. In addition to these
organic chemicals and polymers, the two largest scale inorganic chemicals, sulfuric acid (88.6
billion ppy) and ammonia (34.0 billion ppy), arc produced by catalytic processes. Catalytic
technology is a key to both the economic competitiveness and the environmental acceptability
of this major sector of the American economy. Looking to the future, catalysis can alse play
a significant ro'e in sustaining this industry by providing the technology to use feedsiocks other
than petrol>um and natural gas. Heterogeneous catalysis in particular will be critical in
processes to utilize abundant raw materials like coal and renewable biomass-derived feedstocks.

In this chapter we seek to define research objectives in heterogencous catalysis which, if
achieved, will enable the production of major industrial chemicals with greater energy and
feedstock efficiency and with improved environmental friendliness. We outline both current
manufacturing processes and potentially advantageous advanced technoiogies that may improve
ihe ways that commedity chemicals and polymers are produced Based on input from experts
in industrizl heterogeneous catalysis, we identify potential technologies from which advanced
manufacturing processes may be ceveloped. These technological goals, in tum, define research
objectives that may be approgriate subjects for consideration. The essential research needs are
prioritized in Section 6.4.
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Table 1,

1991 U. 8. Production of Major Organic Chemicals
Products made by catalytic processes shown in boldface.

PRODUCT U. 8. PRODUCTION VALUE
(xifions of pounds)* ($ billions)™*

Ethylene 39.23 8.23
Propylene 22.62 3.30
Benzene/toluene 18.58 2.41
Ethylidenedich\oride/vinyl chloride 13.92 (1.7 1.70
Methyl t-butyl ether 9.60 1.73
Ethylbeuzene/styrene 9.22 (9.01) 2.16
Methanol 8.65 0.58
Terephthalic acid/dimethy} terephthalate 7.66 2.30%3*
Formaldehyde (37%) 6.43 0.71
p-Xviene 5.43 1.11
Ethylene oxide/glycol 524 (4.93) 2.36
Cumene/phenol/acetone 428 (3.49/2.13) 1.69
Acetic acid 3.61 1.19
Butadiene (polymer grade) 2.91 0.55
Propylene oxide 2.75 1.58

. Acrylonitrile 2.65 0.93
Vinyl acetate : 2.65 1.17
Cyclobexane . 231 0.39
Adipic acid 1.56 1.09
n-Butanol ' 1.21 0.52
Isoprc panol 120 .47
Caprolactam 1.28 1.14
TOTAL 172.59 37.31

*  Chemical and Engineering News, June 1992
** Themical Marketing Reporter, November 1992
**% [wdustry sources
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Table 2.
1991 U. S. Production of Major Synthetic Polymers. (Sources ax in Table 1.)

Production | Value
Polymer (biltions of pounds) - ($ billions)
Polyethylene* (low dens.) 11.58 " 3.94
Polypropylene 10.20 3.67
Polyethylene (high dens.) 9.22 ' 313
Polyvinyl chloride . 917 2.38
Polyester ' 5.52 364
Polystyrene 4,96 2,03
Nylon * 3.11 3.89
Phemlics 2.66 1.3
ABS v 2.29 1.42
TOTAL 58.71 25.40

* Prepared partially by catalytic processes. Polymers in bold face made entirz}y catalyticziiv.,

6.2 COMMODITY CHEMICALS AND POLYMER INTERMEDIATES

Essentially all the highlighted chemicais in Table 1 are manufactured by well established
catalytic processes. Some of the processes are very efficient in their use of energy and
feedstocks and offer only mwiest incentives for research in catalysis. . For example, the
‘mamwfacture of acetic acid by carborylation of methanol proceeds in nearly quantitative yield
under mild processing conditions (Parshall, 1992). The source of both the methano} and the CO
used in this process is synthesis gas (CO/H2), which may be made from almost any hydrocarbon
or, potentially, from biomass. Although improved catalysts may play a role in better processes
for methznol and synthesis gas (Mills, 1993), only incremental opportunities exist for iraproving
the synthesis of acetic acid or its derivatives. These improvements are likely to be achieved
through advances in engineering rather than through fundamental studies in catalysis.

In contrast to the efficiency of the methanol carboxylation process, many other catalytic

processes to make the chemicals in Table 1 offer great scope for improvement. Some of the
potential incentives are:
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> Improvement in utilization of a current feedstock, particularly petroleum. The
opportunities for improvement are especially great for oxidation processes.
Generally, an improvement in feedstock utilization yields environmental "enefits such
as reduced waste production and pollution.

> Substitution of an abundant or renewable feedstock. The benefits are most substantial
for petroleum-based chemicais such as adipic acid and caproluctam.

> Reduction of severity of reaction conditions. The attendant reduction in energy
consumption saves fuel and reduces the output of carbon dioxide, a major contributor
to global warming.

» Reduced production of toxic, corrosive, or environmentally damaging chemicals and
by-products. The incentives are especially great for reduction of halogen- and
nitrogen-containing by-products in the manufacture of niwriles and CFC replacements.

Each of these aress is discussed below along with recommendations for technology development
and research needed 1o capitalize on the opportunity.

6.2.} Utilization of Current Feedstocks

The chemical industry has a huge infrasiractere of process facilities bused on petroleum
feedstocks, Ultimately, these facilities are likely to be replaced by new generations of plants
bssed on abundant or renewable feedstocks, but the cost in time and capital to replace the
existing plants dictates that major changes in feedstocks have to occur gradually over a period
of decades. (The conversion of vinyl monomer technology from acetylene to olefin feedstocks
is instructive. Even though acetylenz is expensive in both dollars and energy, some acetylene-
based plants are still operating thirty years after the introduction of catalytic processes to make
vinyl acetate and acetaldehyde from ethylene.) As a result, improvements in current processes
through the use of belter catalysts can lead to substantial savings in the use of feedstocks such
as petroleum. These savings can support the competitiveness of American industry and promote
energy independence.

6.2.1.1 Oxidation Processes

Probably the largest area for improved feedstock wutilization is in the oxidation of hydrocarbons
to alcohols, ketone, epoxides, and carboxylic acid derivatives, as illustrated in Figure 1. The

yields of many oxidations, especially those based on f-ee radical processes, leave much to by
desired.

> The oxidation of cyclohexane to cyclohexanol and cycivhexanone, which are major
intermediates for making adipic acid and caprolactam, generally nroceeds in 70-80%
yield. The subsequent oxidation to adipic acid using nitric acid as an oxidan gives
very high yields, but produces nitrous uxide, an atmospheric polfutant, as a
byproduct. The conversion of cyclohexanone to caprolactam by conventional
technology yields massive amounts of amuaonim sulfate as a low value coproduct.
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Figure 1. New Catalysts Have the Potential {o Simplify Current Multistep: Processes
to Single-Step, Energy-Efficient Transformations of Alkanes to Commodity Chemicals.

> The homogeneous catalytic oxidation of butane to acetic scid is still carried out on
a very large scale even dough the yield of the desired product is only 45-50%.
Some formic and propionic acids are also recovered, but the production »f carbon
oxides as byproducts is substential. They arise both directly from the oxiciation and
from the energy production for the extensive distillation needed to separate the
carboxylic acids. ‘

> The oxidation of butane to maleic anhydride also gives low (ca. 50%) yields in
conventional heterogeneous catalytic processes but, in contrast to the acatic acid

process, there is little recovery of other usetul products. The main coproducts are
carbon oxides.
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3 The oxidation of ethylene to ethylene oxide occurs in 85-90% yield, but the co-

production of carbon oxides is substantial because the process is conducted on such
a large scale.

> Annther major class of industrial oxidations is the two-siep heterogensous catalytic
production of either acrylic acid from propylene (overall yieid > 85%) or methscrylic
acid from isobutylene, also in high yield. The combined production of acrylate and
methacrylate monomers from these catalytic technologies exceeds one billion pounds
per year in the U. S. alone.

Orher important large-scale oxidation processes (Table 1) include the heterogeneous cataiytic
oxidation of methanol to formaldehyde, the homogeneous catalytic oxidation of p-xylene to
terephthaiic acid, and the epoxidations of propylene to propylene oxide, which can employ either
hetercgencous or homogencous catalysts. Since these three processes are over 95% selective
to the desired products, there is less room for improvement in their catalytic reaction chemistry
than in those oxidations mentioned above.

In ali the highlighted examples, catalyst iniprovements can lead to greater selectivity in the
formation of desired products with attendant economic and social benefits. More sclective
conversion of hydrocarbon feedstocks clearly reduces the consumption of valuable hydrocarbon
resources. It also reduces energy consumption in product purification, typically by distillation.
The reduction in by-products minimizes waste disposal problems. When the by-product is
carbon dioxide, as ir the oxidation of butane to maleic anhydride, the global warming potential
is reduced.

6.2.1.2 Advanced Oxication Processes

Hydrocarbon Feedstocks — Because the cost of feedstocks can be as much as 60-70% of
mamifacturing costs, a very direct way to lower the cost of making a commodity chemical is to
find a way to use a less costly raw material. The feedstocks for most commodity chemicals and
polymers are olefins or aromatics. Much of the cost of these materials arises from the high
temperatuze endothermic processes (reforming, dehydrogenation, cracking) to make them from
less expensive saturated hydrocarbons, as shown in Table 3. As shown in Figure 1 above, many

current processes start with an energy-intensive endothermic step that produces an unsaturated
feedstock which, in turn, undergoes a reaction to introduce a functiona] group into the molecule.

Multifunctional Catalysts to Transform Aliphatic Feedstocks — Figuze 1 shows potential new
developments in multifunctional catalysts that could do both steps in transforming an alkane 1to
a functionalized commodity chemical. One current system mentioned in 6.2.1.1 is that in which
butane is dehydrogenated, cxidized, and cyclized to produce maleic anhydride in a single
catalytic process. The formation of an unusually stable five-membered cyclic anhydride is
among the driving forces for the technical success of this reaction. Although the reaction has

been practiced commercially for some time, it is still being improved s*gnificantly (Stadig, 1992;
Centi, 1993).
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Table 3.
Production of Hydrocarbon Monomers for Fuels and Chemicals.

MMM Lb/Yr* Manufacture
Olefins
Etovlene 39.2 Alkane Cracking
Propylene 22,0 Dehydrogenation
Isobutylene (n.a)) ) Dehydrogenation
Styrene 9.0 Dehydrogenation
Butadicne 2.9 Dehyirogenation
Aromatics
Benzene 11.8 Reforming, dealkylation
Toluene , 6.8 _ - Reforming, hydroforming
Xylenes 6.5 ' Reforming
Ethylbenzene 9.2 Alkylation, reforming
Cumene 4.3 Alkylation, reforming

* Chemical and Engineering News, June 1992,

Acrylic and methacrylic acids are currently produced from relatively costly olefins (Figure 1).
Recent work is pointing the way to multifunctional heterogenecus catalysts that promote direct
exothermic reacticns between the respective alkanes and dioxygen to produce these acids in a
single step (Ai, 1952; Kuroda, 1992). Early results, though promising, have not yet produced
the selectivities needed for a commercial process. Continued work could revolutionize this area
of catalytic oxidation. It would be extremely valuable to understand the role of each of the
many metallic ions added to the basic metal oxide structure of the cxidation catalysts (Gelling?,
1992). New catalyst characterization tools like those discussed in Chapter 3 could be ve:y
helpful in this regard.

As with the acrylic and methacrylic acid processes, direct air oxidation of methane to methanol
or formaldehyde would be valuable for conservation of both energy and hydrocarbon feedstocks.
The direct oxidation would obviate the need for discrete steam reforming and methanol synthesis
steps (Kennedy, 1992), Direct ammoxidation of propane to acrylonitrile has also been achieved
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in modest yields on a laboratory scale (Centi, 1992). Development of practical catalysts for such
one-step reactions will eliminate costly two-step routes with energy-intensive, endothesmic,
initial steps, and will produce energy as a valuable by-product of the exothermic one-step
processes.,

Alcohols from the Selective Oxidation of Alkanes -~ Alcohols such as methanol, ethanol,
isopropancl, and ferr-buty! alcohol are produced in enormous quantities today (Table 1). Direct
oxidaticn of the light alkanes present in natural gas and in low-value refinery streams would be
a valuable addition to current ciemical process technology. Despite extensive research on
reactions such as the selective oxidation o5 methane to methanol mentioned above, there are no
commercially practical catalysts that kave the required selectivity. Instead, alcohols are
produced by traditional two-step precesses in which an initial energy-consuming first step
penerates a reactive intermediate which is then converted to the aleohol in a second process step,
as illustrated in Figure 2. ' :

Methane to Methanol

y CO/HZ ~
CH, ™ 120, \_»L

1o~
: “COM,
Propane to isopropyl Alcohol
CyH¢

. H,0
G,H../Hz/’ 1/2:: \

——-—u--n—--‘-nnn—* C3H7OH
isobutane to 1-Butyi Alcohol
FCH, < H,ojr-n,o tCH,OCH,
120, MG HOH

iCH

Figure 2. New Catalysts Can Provide Direct Processes
for Alternative Motor Fuels and Reformulated Gasolines.

6.8



Recent research, drawing on experience in enzymatic and homogeneous catalysis, provides clues
to the design of heterogeneous catalysts that may have the necessary selectivity to make ore-step
oxidations of alkanes to alcohols commercially feasible. For example, "design catalysts™ with
oxo centers on the surfaces could be patterned after enzymatic species that are selective for
alkane oxidation (Lyons, 1991). In another recent development, highly electrophilic metal
centers catalyze seleciive oxidations such as the liquid phase oxidation of methane to methanol
(Periana, 1993). Heterogeneous catalysts embodying these principles could exhibit enzyme-like
selectivity while affording practical benefits, such as process sumphcxty. easy product recovery,
and low corrosivity.

Other examples of multistep processes to produce commodity chemicals include the manufacture
of phenol, ethylene givcol and propylene glycol. New processes for the direct hydroxylation of
aromatic rings (Kitano, 1992; Kunai, 1988) to phenols and the direct dihydroxylation of olefins
(Myers, 1987) with oxygen appear promising, although substantial advances in catalytic
technology are required. The contrasts between the current multistep processes and the potential
one-step technologies are dramatic:

Phenol Manufaciure
Cur  : Benzenc + propylene =¥ cumene
Cumene =—* cumene hydroperoxide =* pheno) + acetone
Potential: Benzene + dioxygen > phenol + energy

Propylene Glycol Manufacture
Current: Isobutane =* terz-butyl hydroperoxide (TBHP)
Propylene + TBHP —* Propyiene oxide > Propylenc glycui
Potential: Propylene + dioxygen + water —> Propylene glycol

Oxidative Dehydrogenation — Although the development of simple one-step functivnalization
processes iike those described in the preceding paragraphs can bave wide commercial
application, it will always be necessary to generate olefins from aliphatic feedstocks. Olefins
and arenes are among the most versatile classes of intermediates for making oryanic chemicals.
Catalytic dehydrogenation is the current technology for conversion of paraffins to olefins, but
it presents many challenges, 'especially for the less reactive lower alkanes. These
dehydrogenations are highly endothermic and require that large quantities of heat be added to
the reaciors at very high temperatures. Equilibrium conversions are not high, and the elevated
temperatures reduce selectivity. Loss of catalyst activity and coking are also significant
problems.

Unlike simple dehydrogenation, oxidative dehydrogenation is not thermodynamically limited,
because the reaction is driven to completion by oxygen as a hydrogen acceptor. Oxidative
debydrogenation is exothermic and, therefore, does not require the provision of large quantities
of external heat to the reactor. The heat released in the reaction, along with the presence of
oxygen, reduces coking. The oxidative dehydrogenation of butane to n-butenes has recently
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been applied industrially, and attempts are under way to extend this technology to propane.
Much more research is required, however, before oxidative dehydrogenation can be apolied ot
a large scale to a wide variety of light aliphatic feedstocks. Active, selective catalysts that can
operate under practical industrial conditions could provide breakthrough advances in light olefin
manufacture. A specisl case with attractive potential is dehydrogenative coupling of methane
to ethylene (Fox, 1993; Pereira, 1993).

Energy Production from Commercial Oxidation Reactions — Oxygenates make up most of the
commodity chemical monomers that are produced from hydrocarbon feedstocks. Of the twenty
largest volume monomers that contain elements other than carbon and hydrogen, sixteen contain
only oxygen as the hetero clement. Whenever a hydrocarbon and oxygen react, energy is
produced, as in the industrial process chemistry shown in Figure 3.

COH CH,O

Figure 3. Current Production of Oxygenates wa Oxygen.

The energy produced in thene reactionz is very significant. Oxygen is an inexpensive oxidant
but is difficult to control for selectivity because many of its reactions proceed by nonselective
free eadical processes. Industrial oxiladon processes often use several steps to accomplish whai
could be done in a single step if a suitable sclective catalyst was available, as illustrated in the
examples shove. Such single step processes could nct only lower feedstock costs but could also

supply the energy needs of a whole process and, in some instarces, make the oxidation process
a net exponer of energy.
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6.2.1.3 Other Fu.ctionalizations of Hydrocarbons

In addition to the oxidations enumerated above, there are other ways to introduce functional
groups into hydrocarbons that can have substantial economic and environmental benefits. Most
are cxidative in character and can benefit from new developments in oxidation catalysis. The
knowledge bases developed by studying reaction mechanisms and catalyst structures for
oxidations should support innovation in catalyst development for direct functionalizations of the
types described below.

One class of chemistry that is ripe for innovation in the short term is the introduction of fluorine
substituents without the intermediacy of organochiorine compounds. There is a strong incentive
to reduce the production and handling of organic chicrine compounds because of their
envirromental impact (Hileman, 1993), both in destruction of stratospheric ozone and in
pollaticn of groundwater. At present, nearly all production of aliphatic fluorine compounds
involves chloro compounds as intermediates. For example, most of the hydrofluorocarbons
(HFCs) being develeped as replacements for the ozone-destroying CFCs are made from
chlorinated ethylenes. The leading refrigerant candidate, HFC-134a (1,1,1,2-trifluoroethane),
is made from tri- or tetrachloroethylenes in multistep processes:

C1,C=CHCl + HF ~> F,CCH,Cl = F,CCH/;F + HCl

H,
CL,C=CC), + HF —» F,CCFCl, —* F,CCHF + HCl

These processes are effective in producing the desired com,:ounds but are inefficient in that tbey
produce huge quantities of HCI that must be recycled or neutralized. In addition, they require
the production and handling of large quantities of chloroolefins.

A much more desirable approach to the manufacture of HFCs and fluorooicfin monomers would
be based on the direct oxidative fluorination of hydrocarbons. This chcmlstry is illustrated by
the oxidative fluorination of ethylene to vinyi flucride:

H,C=CH, + HF + 0, = H,C=CHF + H,0

This sort of reaction would closely parallel the oxidative chlorination of ethylene to vinyl
chloride and the oxidative acetoxylation reaction used to manufaciure vinyl acetate monomer.
The current catalytic technologies for thes: latier processes would provide starting points for
exploration of cxidative fluorination.

Tne replacement of organochlorine intermediates can be an important general topic in catalysis,
going far beyond the inierest in impreved fluorocarbon syniheses. For example, many aromatic
isocyanates ave made by the reaction of aromatic amines witt. phosgene. Extensive work on the
reactions of aromatic nitro compounds with CO indicates thai it may be desirable to prepare
aromatic isocyanates with these ingredients if the current catalysts can be improv-d (Parshall,
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1992). Similarly, aliphatic isocyanates can be prepared by dehydrogenation of alkylformamides.
In both cases, replacement of phosgenation by a CO-based process eliminates the kazards of
handling phesgene and the environmenial consequences of using organochlorine chemistry.
Many other processes using organochlorine intermediates can be replaced by selective oxidation
reacticns like those described above. A prototypical example would be the direct oxidation of
benzene to phenol. This reaction would replace the high temyserature atkaline hydrolysis of
chlorobonzene used by some phepol manufacterers.

Another class of reactions that will benefit greatly from innovations and improvements in
heterngenecus catalysis is the introduction of nitrogen functionality into organic molecules.
Nitrogen-containing compourns such as acrylomtnle, caprolactam, hexaraethylenediamine, and
arene diisocyanates are essential monomers for major polymers such as acrylics, nylons, and
polyurethanes. In addition, simple amines such as aniline and dimethylamine are intermediates
for a wide range of crganic products including pharmaceuticals, crop protectxcn chemicals, dyes,
and pigrents.

Most approaches to organic nitrogen compounds are very indirect. For example, aniline is made
by a sequence of ewergy-consuming reductions and oxidations. First, N, is reduced to ammonia,
then the ammonia is oxidized to nitric acid, which is used to nitrate benzene to nitrobenzene
that, in mrn, is reduced to aniline. Simplification of this sequence could greatly reduce the
encrgy consumption involved in hydrogen generation and in repeated purifications of
intermediates. One potential innovation would be the direct oxidative aminatinn of benzene to
aniline:

CH, + NH; + O, = CJHNH, + H,0

Development of catalysts for this kind of reaction could build on the catalysts for direct
hydroxylation of benzene (Kitano, 1992; Kunai, 1988), mentioned earlier.

Nitriles derived from HCN are mﬁjor buiiding blocks for many important amines ad carboxylic
acids, for example:

HCN + Butadiene —> Adiponitrile =» 1,6-Hexanediamine

HCN +HCHO + NH, —> [(NCCH,),NCH,l, —> EDTA

Currently, HCN manufacture is carried out by the Andrussow process in which methane and
ammonia are reacted over a precious metal catalyst at very high temperatures, at which HCN
is the most thermodynamically favored product. A. potentially significant advance would be the
co-oxidation of ammonia and methans: with a catalyst that would provide high yields even at
moderate temperatures. Such a process would be closely analogous tc the propane-based
syntnesis of a.rylonitrile mentioned in Section 8.2.1.2 (Centi, 1992). Development of such
processes for ammoxidation of alkanes would save energy and improve the economics for
procduction of a range of nitriles and products derived from them.
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Another major nitrogen-containing monomer is caprolactam, the building black for nylon-6
(Tables | and 2). It is made conventionally by an acid-promoted Beckman rearrangement of
cyclobexanone oxime, in which the oxime unit is isomerized to an amide function:

C=N-OH -* C(O)NH.

Because 2 stoichiometric amount of sulfuric acid is used to bring about the isomerization, large
wvolumes of dilute acid must be neutralized on completion. 1he low value coproduct, ammorium
sulfate, must be dealt with. Development of a solid acid that wonld function as a true catalyst
for the oxime rearrangement would be 2 major advance in this technology (Cusumano, 1992).
The acid catalyst would have the same potential to improve the technology for manufacture of
methacrylic acid and its esters. Currently, acetone cyanohydrin is hydrolyzed and dehydrated
to form methacrylic acid with strong sulfuric acid. The reaction produces large volumes of
dilute sulfuric acid contzining ammonium sulfate. A catalytic solid acid might eliminate the
dilution aspect as well as permit the recovery of ammonia from hydrolysis of the cyanohydrin.
Developme:ts in solid acid catalysis based on aluminosilicates and aluminophosphates could lead
to major energy savings and reduced by-product fommation (with concomitant environmental
benefits) in both the caprolactam and methacrylate processes. Work on Catalysts for these

processes can build on research on solid acid catalysts for petroleum refining (Chapters 1 and
9).

A potentially valuable addition to the catalytic syntheses of polymer intermediates wouid be the
development of catalytic chemistry to add ammonia or water to primary olefins or dienes in anti-
Markovnikov fashion (i.e., with the NH, or OH substituent on the terminal carbot: of the olefin
or diene). Success in the addition of ammonia to 1,5-hexadiene would provide one of the best
possible syntheses of 1,5-hexanediamine, key ingredient in nylon manufacture. If would avoid -
the need to make and hydrogenate adiponitrile, which is produced using HCN or acrylonitrile,
both of which are made by high temperature processes involving large inputs of hydrocarbon or
erergy. A cloxely analogous objective would be the anti-Markovnikov addition of water to
primary olefins to give primary alcohols, many of which are made by hydroformylation/
hydrogenation today. A special case with Jarge economic value would be the selective addition
of water to butadiene to form 1,4-butanediol or tetrahydrofuran. Success in this rcaction would
replace the relatively unselective oxidations of butane or benzene currently employed.

The difficulties in attempting to catalyze the selective addition of water or ammonia to olefins
should not be underestimated. The reactions are only marginally feasible from a thermodynamic
viewpoint - conversions of less than 10% can be expected at 100° C. The equilibrium becomes
much less favorable above 100° and is only modestly affected by increase of pressure. Normal
acid catalysis gives almost exclusively th: unwanted Markovnikov isomer with the NH, or OH
substituent 01 a secondary carbon.

From the viewpoint of trying to develnp catalysts for these useful addition reactions, industrial
homogeneous catalysis can provide many helpful conceptual inputs. Coordination of an olefin
to a caticnic mwtal complex facilitates the addition of a nucleophile such as ammonia or water
and may "sweer” the substituent to the desired carbon (Knoth, 1975). Oxidative addition of the
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N-H bond of ammonia to a low valent transition metal complex can give a hydriio meial amide
that, under some conditions, can add the N-H bond across the C=C bond of an olefin
(Casalnuovo, 1988). It is also known that radical mechanisms for the addition process (e.g.,
HBEr plus a radical initiator) can give the desired anti-Markovnikov additions to olefins.
Concepts such as these, borrowed from homogeneous catalysis, can provide the basis for
exploration of heterogeneous catalysts for olefin additions. Indeed, a good starting point for
such studics may be "anchoring” homogeneous catalysts to solid support materials.

Given the mechanistic information available from homogeneous catalysis of addition reactions,
these reactions may be good candidates to test the design of new catalytic materials. This topic
may be a fertile ficld for collahoration between industrial scientists and their colleagues in the
national laboratories and the DOE-supported university programs. Past industrial research in
the area has been largely empirical, but the government and academic groups could bring many
strengths in fundamental chemistry that would be needed for catalyst innovation,

6.2.2 New Feedstocks

The preceding sections have dealt primarily with processes to use hydrocarbon feedstocks more
efficiently. These feedstocks derive principally from petroleum and naturai gas, which are likely
to be the dominant feedstocks for the chemical industry for the next 20-30 years. Because these
carbon sources will become scarcer and more expensive, we must also look to alternative
feedstocks that will be available for the indefinite future. Some obvious sources are coal, shale
oil, zad tar saads that are abundant in North America, although they suffer disadvantages in
terms of being more difficult to process than the current feedstocks. Eventually, however, even
these resources are likely to be exhausted cr, at least, difficult to utilize economically.

Plani-derived materials, both oiis and cellulosics such as comcobs, wood chips and bagasse
(sugar cane residues), constitute carbon-containing feedstocks that arz renewable by
photosyathesis. These materials are referred to as biomass. Other forms of biomass that seem
inexhavstible in the sense that they are produced constamsly are the o:janic by-products of
madern society like garbage, paper and plastic trash, and sewage sludge. Waste materials, both
the cellulosics and those of human origin, are particularly attractive to consider as feedstocks
because they are cheap and widely available. The cost, apart from collection and transportation,
is sssentially equivalent to their fuel vatue if ™=y were to be burned in a boiler or incinerator
to recover their encrgy content as heat or electricity. The collection and transportation costs
cannot be overlooked, however, because the sources such as farms and households sre scattered,
and collection systerns are not aifvays weil developed. Another complication is thet waste
products such as gatbage, trash, and scwage are heterogencous materials. Sorting and
preprocessing may be uneconomical as is often observed in recycling operations.

For economical processing of heterogeneous wastes, generic processes are required t obviate
the need to sort the mixwres. Those available in the near term generally do not invoive
heterogencous catalysis. Some examples are the collection of wmethane-rich gases from landfills
and the acid-catalyzed hydrolysis of celiulosic wastes. The methane collection approach t¢
produce a useful feedstock is being tested in a small facility near Denver in which lacdfill-
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jenerated gases are converted to syngas which, in turn, is converted to diesel fuel (Mills, 1993).
In the longer term, it may be more attractive to convert solid organic wastes 0 syngas directly
by high severity reforming processes like those used for the gasification of lignite. The syngas
produced from biomass (or coal or shale ~il) by veforming is a versatile feedstock for the
manufacture of fuels (Chapter 9) and chemicals. As discussed below, innovations in catalytic
technology for the use of syngss can huve a major impact on the production of industrial
chemicals and polymer intermediates. '

Ancther way to use biomass as a rencwable feedstock is to produce crops specifically for
chemicai production. One historical example is the production of palm, cottonseed, and other
vegetable oils as intermediates for the manufacture of soaps, detergents, and margarine. Another
is the growth of g.ain and sugar cane for production of ethanol to be used as a fuel and as a
chemical intermediate. In this example, the primary processing technology is fermentation.
With both vegetable oils and fermentation ctharol, however, subsequent processing steps
commonly involve catalytic reactions such as hydrolysis, hydrogenation, or oxidation. The
catalysis of these specific reactions is well developed and does not seem appropriate for major
research support.

6.2.2.1 Catalytic Processes Using Syngas

Synth2sis gas (syngas), a mixture of carbon monozide and hydrogen, is now produced from
various carbon sources including methane and coal. As mentioned above, it can also be made
from many abundant forms of biomass. Many current industrial processes use syngas as a basic

suilding block for manufacrure of ;ommodity chemicais (Figure 4). All are highly optimized
and very efficient. These procasses, apart from methanol synthesis, utilize soluble catalysts.

CH,OH

O
]
(CHaé)zo CH,OH /
cO+H /
CH,OH )
/ \C~\

HO \' -
CH,COH 4" ¥ T CH,CH,CH,CH,OH

C,-C, Alcohols

Figure 4. Procuction of Major Organic Chemicals from Syngas.
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The usage of homogensous catalysts reflects the fact thut carbon monoxide reacts with most
transition metals to give soluble or volatile metal carbony! derivatives, It has been extremely
difficult to "anchor™ catalytic complexes to a support so that the catalytic metal is not leached
from the support during extended reaction periods. The "anchoring” of cxtalytic molecular
complexes to insoluble supports is a major challenge in design of heterogencous catlysts for
reactions involving CO as a reactant.

Syngas, whether derived from fossil or renewable feedstocks, is an extremely versatile source
of chemicals. Major industrial chemicals such as methanol, formaldehyde, and acetic acid
derivatives are currently made in one or two steps from syngas. Poteniial catalyst improvements
for methanol synthesis could make these processes even more attractive. Other potential
industrial processes simply await improvements or inventions in syngas conversion, Figure §
shows an array of oxygenated products that can, in principle, be made solely from syngas in
reactions (hat have been demonstrated in the Iaboratory, but have not been commercialized on
a significant scale. Some examples are production of ethano! and acetaldehyde by homologation
of methanol and synthesis of ethylidene diacetate for conversion to vinyl acetate. Direct
symhesis of ethylene glycol from syngas would have a substantial economic and energy
conservation impact (Pruett, 1977). Iaall these cases, improvements in catalyst properties could
lead to use in new economical, energy-conserving processes. In these reactions, as in the
oxidative carboxylation processes discussed below, develr ..ent of heterogensous catalysts may
be essentizl to provide catalysts with the chemical ane pnysical properties needed for industrial
application. Success would open the way to use of abundant or renewable feedstocks for
production of some of the largest-scale chemical products made today.

QH; QHz
0 OH OH
CH,CH(OCCH ), HCO,CH,

_ (VAM precursor) ‘%CH, GH}'

CO/H,

HP H

G —CH, onon | 4p T
OCH,OH CH O OH

CH.CHO

Figure 5. Putential Product Network Based on Syngss.
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6.2.2.2. Oxidative Reactions of Synges-Based CD

Although most commercial technology utilizing syngas is seductive in nature, there are large
opportunities for new chemistry based on oxidation of CO (Figure 6). Mosi of these
opportunities are apt to involve multifunctional heterogeneous catalysts, somewhat analogous to
thw multifunctional catalysts for oxidation of hydrocarbons discussed earlier in this chapter. In
fact, many of the oxidative processes for CO are likely to incorporate simifar metai oxides as
co-catalysts or catalyst supports.

0
]
C 0 0
qn
[ W
RO; OR

\ 1P

PhCH = CHCO,R 4—-—--—-CO + 0z + ROH et AN COR
l \

A C0R

COgR RO2C " co,r

Figure 6. Potential Coramercial Processes Based on Syngas.

The oxidative reactions of CO and alcohols to give dialkyl oxalates and carbonates, 25 shown
in Figure 6, are currently practiced commercially (Parshall, 1992). Ube Industries carizs out
the reaction of CO with 1-butanol and 1-buty! nitrite (as an oxidizing agent) in the presence of
a palladium catalyst to give primarily dibutyl oxalate along with small amounts of dibutyi
carbonate, Dialkyl carbonates can be made the major products with copper catalysts. Dimethy]
carbonate, a substitute for the highly toxic phosgene in many reactions, is produced this way by
Enichem. Both of these syntheses may be carried out with either homogeneous or heterogenesus
catalysts. Most of the chemistvy in Figure 6 has becn demonstrated with solubie catalysts, but
it seems likely that practical applications will depend on the development of multifunctional
interogeneous catalysts. The heterogeneous catalysts should reduce the corrosion problems that
are associated with palladium chloride-based liquid phase systems and should simplify product
separation from catalysts.
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Newly designed catalyst systems can sequentialiy coordinatz and assemble mixtures of reactants
like those shown in Figure 6 (Lyons, 1991). Advanced catalyst design makes it possible to
control the numbers and positions of the TO entities that will be oxidatively added to a
hydrocarbon substrate. The practical challenge is synthesis of long-lived, active, selective
catalyst species on the surfaces of useful supports. The supports may play & co-catalytic role
in activating dioxygen or some ather practical oxidant needed for a truly catalytic process.

Baxeh for conventional syngas reactions and for promising new oxidative reactions of CO, we
reed hetter understanding of the interactions of CO with solid surfaces. Despite decades of work
onr the mechanizm of the Fischer-Trepsch reaction (Hindermann, 1993} and on CO binding o
mtals, the sheer complexity of these processes prevents design of new catalyst systerns. The
chailenge is especially great in oxidative carboxylations because exploratior: of these reactions
bas been "outed and because two different kinds of catalysis {CO activaiion and oxidant
generation) :nust interact constructiv:ly (Hsu, 1986; Lyons and Hsu, 1987). Fortunately,
knowledge gained from studies of hydrocarbon oxid.tion catalysis should apply to oxidative
carboxylation catalysis. The metal oxide catalysts discussed for C-H activation may be useful
a3 active supports for metallic CO sctivation sites. A wide variety of organometaliic species
on meta! oxide supports have been characterized (Zecchina, 1993), b~ this field of researc
seems very nromising for enhanced undesstanding of syngas catalysis. '

6.3 POLYMERS

As poted in Table 2, many of the largest scale polymers are produced by catalytic processes.
Polyoiefins are commonly made using supported organometallic catalysts related to the Zisgler-
Nana caralysts fizst deveioped for such processes, but are far more efficient than the originals.
Successive generations of clefin polyaerization catalysts have improved in efficiency to the point
that they no longer need to be removed from the finished product. Ingenious engineering has
I2G 1o gas phase processes that rain out polymer pellets nuclssted on individual catalyst grains,
With the latest "single-site” catalysts being based on meial oxide-supported metallocene
complexes, excelient control of molecular weight and tacticity is obtaiied. In many ways, the
development of the olefin polymerization catalysts is a model of intelligent catalyst design based
on mechanistic undersianding, characterization of catalyst-support interactions, and understanding
of process engincering requirements (Burdett, 1992). -

Despite the economic value of polymers to the U. S. economy (about $25 biltion per year for
the polymers iz Table 2}, research on polymerization catalysts is probably a low priority for the
U. 8. Department of Energy Some factors in this conclusion are:

> The opportunities for energy und feedstock savings are small because polymerization
processes comm.aly precesd in high conversion and nearly quantitative yield. There
are, however, significant opportunities for energy and feedstock conservaiior in the
manufacture of pclymer iermediates, as discussed in Section 6.2.

> The environmental impact of the polymerization catalysts themselves is small,
especially as chromium-based ethylene polymerization catalysts are replaced by new,
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environmentally innocuous catalysts. There is still a desire to replace antimony
catalysts used in the manufacture of polyesters, but this froblem is being addressed
by the chemical industry.

> The poteatial contribution to the competitiveness of U S. indusiry is also small
Fecause e current processes are so efficient and because. many U. 8. firms coxtinue
to enhance this technology.

The major areas in which research could assist U. S. polymer producers lie in improved process
technology for polymer intermediates (Section 2) and in characterization of metal oxide surfaces
that may be used as catalyst supports. Many of the characterization issues discussed in Chapter
3 are just as relévant to polymerization catalysts as-to the catzlysts used in petroleum refining.
Fundamental information leading to the understanding of surfaze paencmena on "real catalysts®
could be valuable. Researchers in surface characterization should be aiert to the implications
for polymerization catalysis. In a complementary sense, knowledge of the chemistry of
supported organometallic polymerization catalysts shouid be transferable to the design of
catalysts for many other applications. '

6.4 SUMMARY OF RESEARCH NEEDS

The catalytic developments that can have the greatest impacl on production of industrial
chemicals fall into two major categories: :

> Selective oxidation and functionalization of hydrocarbons. Because the feedstocks for
these processes are largely petroleurn ard natural gas, this objective is short-term in
the sense of benefiting the chemical and petroleum industries in the next 20 1o 30
years.

» Heterogeneous catalysis for reactions based on synthesis gas. These catalysi
developments are longer-term because they use a feeidstock that can be derived from
abundant or renewable carbon sources, such as coal and biomass. However, success
in this area can also have near-term impact becausé synthesis jgas is currently
availablc from petroleum and natural gas, Major opportunities exist in the
development of chemistry and technology for oxidative carboxylation reacticns.

The potential energy/feedstock impact of success in these two areas can be estirnated. Success
in the targets identified for selective oxidation catalysis may lead to savings of about &.3 million
barrels of petroleum and natural gas liguids per year. This amaunt is about one percent of the
annual total petroleum used for chemical feedstocks or about half as much petrolewm as the U.S.
consumes in one day for ali purposes. While the chemical feeds.ock savings ar¢ small compared
to those attainable in the fuels area, the economic impact would be substantial. iBasis for the
estimate: The oxygen-containing chemicais in Table 1 consume about SO billion ppy. of
hydrocarbon feedstocks. An average 5% yield increase in each of their manufacturing processes
would save 2.5 billion ppy. of petroleum and namural gas. S5ome processes, such as the
oxidations of butane and cyclohexane, might afford 10% yicld increases. Others, like the
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oxidation of p-xylene to terephthatic acid, are unlikely to give yicld increases above 2%. A 5%
average seems plausible.}

In contrast to the modest feedstock savings rexlistically expected from improved catalvsts for
hydrocarbon oxidation, larger but more speculative savings may be forecast Yor catalyst
developments in the use of syngas or bio-derived feedstocks. It may be reasonable to set & goal
of annually shifting 1% of the chemical industry’'s lesastock needs from petroleum to syngas oz
rencwable feedstocks, Substituting abundant or renewable raw maierials for an add:tional 8.5
million batrels of petroleum each year would have a large cumulative effect. Over the course
of four decades (a rcasomable transition period for such a latge and varied industry), the
feedstock savings would rise to about 5% of total U.S. petroleum consumption.

The research required in both areas cemiers on better uncerstanding of metal oxides, both as
oxidation catalysts in themselves and as supports for metals. Catalyst-support interactions may
be critical in the metallic catalysts.

6.4.1 Selective Cxidation and Functionalization Catalysts

We recommend that highest priority be given to the synthesis, characterization, aad
catalytic evaluaticn of catalysts for the selective oxidation of hydrocarbons. especially
alkanes, with air or oxygen. Ia particular, greater understanding I8 required in ihe
catalytic functions that lead to activation of dioxygen and of hydrocarbons.

Selective oxidation catalysis can yiel!' major savings in energy and feedstocks, both through
improvements in cxisting processes such as the oxidation of butane to butadiens or maleic
anhydride, and through invention of new processes 1o convert hydrocarbons to functionalized
organic compounds. Many curcent hydrocarbon oxidations sperate by free radicai mechanisms
ihat are refatively usselective, We %now. however, that meralloenzymes and anslogous
homogeneous catalysts can attain high selectivities hy generation of unique oxidants such as
M=G species, and through controlled binding of the hydrocarbon substrate. _ Similarly, there
is & large body of empirical knowledge about existing catalysts that can be used to develop rew
catalysts if the necessary scientific foundation can be developed. For example, the catalysts
developed by Sohic for the ammoxidation of propylene 10 acrylonitrile are basically bismuth
molybdates, but the optimum commercial catalyst contains traces of many other metal ions that
comtribute to its stability and selectivity. Understanding the role of these additives could go far
toward intelligent design of new catalysts. Interestingly, the catalyst-support interactions appear

to be just as important for metal exide-supported metal oxide catalysis as for oxide-supported
metals (Owens, 1993),

Integrating insights from diverse sources with new information from structural and computational
studies of metal oxides can yield major benefits in he development of new, environmentally
friendly processes that will conserve energy and feedstocks. Some ¢xamples of replacing
complex, multistep processes are the folluwing:

Methane + O, ~» methancl
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Beazene + O, —* phenol

Eth lene + O, + HF =» CH,=CHF ~* CH,CHF,
HFC-152a

(HFC-152a is an attractive replacement for ozone-depleting CFC’s in applications including
refrigeration and air condif'cning.)

6.4.2 Catalysts for Synthesis Gas Reactions

We recommend exploration of heterogencous catalysts for reactions of carbon monoxide,
especially the relatively undeveloped oxidative carboxylation reactions.

Syngas (CO ard H, in varying proportions) can be produced from a wide variety of carbon
sources and is now used extensively in manufacture of major industrial chemicals such as
methar:ol, scetic acid, and the oxo alcohols. Broadening the process applications of syngas to
a wider range of organic chemicals -could lead 1o a "syngas economy” for the chemical and
petrochemical industries. Developing the catalytic technology for a syngas economy would ease
the transition from petroleum ard natural gas feedstocks to abundant and renewatle feedstiocks,
because the "downstream” process technology would be the same once the syngas is generated.
In the conversion of syngas, it is preferatle to produce oxygenated fuels/chemicals with a value
exceeding that of the corresponding hydrocarbon products. This strategy increases overall
thermal efficiency and provides producis specifically responsive to future needs for high
efficiency and environmental concern.

Development of heterogeneous catalysts for CO reactions is a critical step in the transition w the
syngas technology. Most current CO-based processes, apart from methanol synthesis and the
Fischer-Tropsch technology, employ homogeneous catalysts, These soluble catalysts have many
virtues, but difficulties in separating the catalysts from product mixtures limit the range of
products to which they can be applied. Development of heterogeneous catalysts, which have
many advantages in terms of process engii.eering, would facilitate the conversion to syngas as
a feedstock. Because of the remarkable ability of CO to convert trensition metals to soluble or
volatile species, the "anchoring” of catalytic species to supporting materials presents spacial
chalienges as well as sigrificant cpportunities. Fortunately, the base of mechanistic information
on heterogeneous catalysts for CO reactions is growing rapidly (Hindermann, 1993).

Oxidative carboxylation reactiors, in particular, offer opportunitiv {or innovative new processes
that would conserve energy and feedstocks. For example, the oxidative czrboxylation of alkanes
to esters would provide new classes of economicat and efficient oxygenates for fuels.
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