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Executive Summary 

The production processes for the top 50 U. S. commodity chemicals waste energy, 

generate unwanted byproducts, and require more than a stoichiometric amount of 

feedstocks. Pacific Northwest Laboratorya has quantified this impact on energy, 

environment, and economics for the catalytically produced commodity chemicals. An. 

excess of 0.83 quads of energy per year in combined process and feedstock energy is 
required. The major component, approximately 54%, results from low per-pass yields 

and the subsequent separation and recycle of unreacted feedstocks. Furthermore, the 

production processes, either directly or through downstream waste treatment steps, release 

more than 20 billion pounds of carbon dioxide per year to the environment. The cost of the 

wasted feedstock exceeds 2 billion dollars per year. Process limitations resulting ‘from 

unselective catalysis and unfavorable reaction thermodynamic constraints are the major 

contributors to this waste. Advanced process concepts that address these problems in an 

integrated manner are needed to improve process efficiency, which would reduce energy 

and raw material consumption, and the generation of unwanted byproducts. 

Many commodity chemicals are used to produce large volume polymer products. ‘of 
the energy and feedstock wasted during the production of the commodity chemicals, nearly 

one-third and one-half, respectively, represents chemicals used as polymer precursors. 

Approximately 38% of the carbon dioxide emissions are generated producing polymer 
feedstocks. 

a Pacific Northwest Laboratory is operated for the U. S. Department of Energy by Battelle Memorial 
Institute under contract DE-ACO6-76RLO 1830. 
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'1.0 Introduction 

Catalytically produced commodity chemicals represent an important cross-section of the 
U. S. chemical and petrochemical industry. The impact of the inefficiencies found in these 

production routes is magnified by the large annual volume of materials produced. The 

corresponding impact of these process inefficiencies on energy consumption, unwanted 

byproduct formation, and added economic burdens is a driver for process improvements. 

Identification of the most impactful areas for targeted research is a goal of the U. S. 

Department of Energy, Office of Industrial Technology. 

The purpose of this study conducted for DOE by Pacific Northwest Laboratory (PNL) 

was to quantify the combined impact of energy, environment, and economics on the 

catalytically produced top 50 commodity chemicals. An initial estimate of the energy 

savings that would result from raising the overall process yields to their theoretical 

maximum concluded that an.excess of 0.47 Q/yr was required (Tonkovich 1994). The 

1994 study evaluated each product as if it were produced by a "black-box'' single-pass 

process that had a linear relationship between process yield and energy. The current study 

examines each chemical production route in greater detail to describe realistic processes that 

are often multiple pass and incorporate energetically and environmentally expensive 

separation and reactant recycle steps. For example, a process that may have an overall 

yield of 90% was assumed to have a maximum process and feedstock energy savings of 

10%. In reality, this process may have a per-pass yield of lo%, which corresponds to a 

10% savings in feedstock energy, but up to a 90% savings in process energy. These 

revised numbers have been used in the calculations for this study. 

Process limitations that account for possible energy savings weie estimated and 
grouped. The primary process limitations are as follows: equilibrium limitations for the 

main reaction, equilibrium limitations for competing reactions, kinetic limitations for the 
main reaction, kinetic limitations from competing reactions (including overoxidation and . 

over alkylation), catalyst deactivation, heat addition, heat removal, and mass transfer 

limitations. No attempt was made to.assi& fractional impact values for those chemicals 

subject to more than one problem. These limitations are interdependent and would 

necessitate further in-depth study to assess their true relative importance. The impact from 
each category was summed and normalized to prioritize the relative importance of the . 

vqious process limitations. 

partially estimated and quantified. The byproducts of the carbonaceous feedstocks were 

The environmental impact associated with the production of the top 50 chemicals was 
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cited. Carbon dioxide was the most.common byproduct. It is either formed directly in the 

process or generated downstream by flaring carbonaceous byproducts or from other waste 

treatment conversion processes. In these cases, an equivalent carbon dioxide production 

value is calculated. For example, the primary side product for the production of ethylene 
oxide is carbon dioxide. The wasted feedstock is assumed to be fully converted to carbon 
dioxide in the amount of approximately 3.5 billion lb/yr. Another example is the 

production of styrene. While carbon dioxide is not produced directly, tars and other highly 
polymerized side products are co-produced with styrene. These heavy hydrocarbons are 

later incinerated and produce approximately 2.5 billion lb/yr of carbon dioxide. 

Economic impact was estimated by summing the value of: each wasted feedstock. This 

estimate is low and does not reflect potential capital and operating savings that would result 

from more efficient processes. The price per pound of each feedstock was obtained from 

Chemical Marketing Reporter (May 8,1995). 
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2.0 Methodology 

2.1 Energy Calculations 

* The maximum potential energy savings for each of the top 50 production routes is 

calculated in three steps. The first evaluates the partial impact on process energy by 

improving the overall process yield from current values to 100%: 

Esaved-process = [production rate] x [process energy] x [l- fractional 
process yield]/[fractional process yield] 

The amount of feedstock to be processed is lowered, and thus the corresponding 

processing energy is reduced. The second step calculates the feedstock energy saved from 

improving the overall process efficiency and requiring fewer raw materials: 

baved-feedstock = [production rate] x [feedstock energy-w/o double countinglb 
x [ 1-fractional process yield] /[fractional process yield] 

The third step estimates the potential process energy savings that would result from raising 

per-pass yields. A new process energy.(Btu/lb) is calculated which reflects a more efficient 

process that requires only a stoichiometric amount of feedstock 

Process-energynew (Btu/lb) = [Old process energy] x [fractional process yield] 

This new process energy number. is then used to calculate potential savings from driving 

the reaction to completion in a single pass. 

[Process-energy,,] x [production rata x [ 1 - fractional per 
pass conversion] 

The totd energy savings is calculated by summing the individual components. 

Etotal = Esaved-process -I- Esaved-per-pass -I- Esaved-feedstock 

The amount of carbon dioxide formed is determined by first calculating the amount of 

feedstock that is converted to no-value byproducts. Many processes co-produce other 

calculated by Tonkovich (1994) 
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saleable products, whose product selectivity is added with that of the desired (top 50) 

chemicals. Using combustion stoichiometq, the'moles of carbon dioxide produced are 

calculated and converted into lb/year that are vented to the environment. Some processes 

do not produce carbon dioxide directly, but they do generate other no-value carbonaceous 

products, which are later flared or biologically converted to carbon dioxide. These are also 

included in the carbon dioxide calculation. 

The extra feedstock cost is calculated by multiplying the excess lb/year feedstock 

required by the current value of this feedstock (as defined by Chemical Marketing 

Reporter). . ' '  

The following are sample calculations used to determine byproduct yield, total . 

feedstock conversion to product and byproducts, feedstock wasted, cost of feedstock 

wasted, and the carbon dioxide equivalent to the feedstock wasted. 

2.2 Byproduct Yield Calculations 

Byproduct data from the literature were expressed in one of four ways: 1) as a mole % 
yield based on a reactant, 2) as a difference between the total feedstock converted and the 

product yield, 3) as a weight fraction based on the amount of product.produced, and 4) as a 

% selectivity to the byproduct based on the converted reactant. The fxst case requires no 

calculation. 

The second case is used only in those circumstances of catalytic reforniing of ethane to 

produce propylene, and naphtha to produce benzene, toluene, and xylene (BTX) and 

ethylbenzene, where .all of the products are either separated and recovered or used as a 

mixture for olefin or gasoline manufacture: 

h m p l e :  production of hydrocarbon byproducts from catalytic reforming of ethane to 

propylene 

Propylene yield = 1.7 1 % ' 
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’The third case requires a conversion of the weight % of the byproduct to a mole % . 

based on the product multiplied by the product yield: 

Example: byproduct yield of toluene from styrene synthesis: 

styrene yield = 90% 

mole wt styrene = 104 

byproduct yield = 3 1 lbtoluene/1000 lb styrene = .03 1 

mole wt toluene = 92 

%yieldtoluene = 90% * .031 * 104/92 = 3.15% 

The fourth case is applied to those circumstances where a byproduct or a co-product is 
formed and the selectivity is provided. This case requires a calculation of the yieId by 

multiplying the reactant conversion by, the selectivity of the process to the byproducts: 

L * Example: production of diethylene glycol i d  triethylene glycol during ethylene glycol 

manufacture: 

Total conversion of ethylene oxide = 99% 

Selectivity of ethylene oxide conversion to diethylene and triethylene glycol 
products = 0.1 

Yielddi-and tri-ethylene glycols = 99% * 0.1 = 9.9% 
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2.3 Total Wasted Feedstock Calculations 

Total feedstock wasted is determined by calculating the amount of feedstock required to 

yield the amount of product and subtracting from that the amount that was converted to 

product and byproduct: 

where the feedstock required = product made/yieldproduct 

Example: feedstock wasted for production of styrene: 

styrene (mole wt = 104) produced = 8.94 billion lb/yr 

styrene yield from ethylbenzene = 90 mol% 
toluene byproduct yield = 3.15% 

. mole Wtstyrene = 104 

mole %thylbenzene = 106 

ethylbenzene wasted = 8.94(108)/104/90*106*[100-(90+3.15)] = 6.93(108) Ib 

= 0.693 billion lb 

2.4 Cost of Wasted Feedstock Calculations 

The annual cost of feedstock wasted is calculated by multiplying the amount of 

feedstock wasted by the unit cost of the feedstock: 

Example: cost of ethylbenzene wasted during the production of styrene: 

ethylbenzene wasted = 6.93( 108) lb 

ethylbenzene unit cost = $0.27Ab 

cost of ethylbenzene = 6.93(108) lb * $0.27Ab = $01.87(108) = $0.187 billion 
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2.5 Carbon Dioxide Calculations 

The carbon dioxide equivalent to the feedstock wasted is determined by calculating the 
Ib of C02 produced from each Ib of feedstock and multiplying this amount by the Ib of 

feedstock wasted: 

Example: C02 equivalent of ethylbenzene wasted for production of styrene: 

ethylbenzene wasted 
mol Wkthylbenzene = 106 

. = 6.93(108) Ib 

carbonethylbenzene = 8  

mole wt C02 =44 

C02equivalent = [6.93( 108)/106]*8*44 = 2.3( 108)lb 
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3.0 Results and discussion 

The production routes of the top 50 commodity chemicals were evaluated to assess the 

impact of process inefficiencies on energy, environment, and economics. An initial r 

investigation (Tonkovich 1994) concluded that 0.47 Q/yr could be saved by improving the 

overall process yields to their theoretical maximum. The current study’delves more deeply 

into the underlying phenomena that create these process inefficiencies and attempts to 

separate and quantify the possible energy savings from improving both the per-pass yields 

and the overall process yields. The environmental and economic impact of the waste that is 

co-generated with the saleable products are also quantified. 

3.1 Energy Impact 
,, 

The energy savings was divided into three main components: process energy saved 

from improving the overall yield, feedstock energy saved from raising the overall process 

yields, and the additional process energy saved from raising the per-pass yields. The 

primary assumption used to complete these calculations was a linear impact between yield 

improvement and energy savings. In reality; the relationship between energy and yield 

might vary from chemical to chemical i d  may stray from linearity. 

In most cases, the overall process yield values were those cited earlier (Tonkovich 

1994). In a few cases, new process yield data was obtained from the literature. These new 

values lower the calculated savings reported in the 1994 study from 0.47 to 0.38 Q/yr. The 
primary discrepancy is the omission of the BTX chemicals from the current study because 

they produce saleable byproducts rather than waste. 

3.1.1 Process Energy Saved from Improving Overall Yields . 

For a generic process that sees a process yield improvement, there ire fewer feedstocks 

required to achieve the desired production level. This reduction in the amount of material 

that must be heated, cooled, transported, and separated improves process efficiency. The 

calculated savings in process energy resulting from processes with higher overall yields 

summed over the 30 catalytically produced chemicals is 0.1459 Q/yr (see Table 1). 
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Table 1. Process Energy Savings from Overall Yield Improvements 

Cyclohexane 
Adipic acid 
Caprolactam . 

Total 
Isobutylene 

99.80 100 . 340 0.0000 
90.00 90 12500 . 0.0024 
90.25 95 3400 0.0005 
98.01 99 0.0000 

0.1459 
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3.1.2 Feedstock Energy Saved from Improving Overall Yields 

When fewer feedstocks are needed to sustain a desired product production level, the 

required feedstock energy.is reduced. The calculated savings in feedstock energy s u m e d  

over all 30 catalytically produced chemicals equals 0.2380 Q/yr (see Table 2). 

Table 2. Feedstock Energy Savings from Overall Yield Improvements 
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3.1.3 Process Energy Saved from Improving Per-Pass Yields 

. Many processes involve multiple passes to achieve high overall process yields. A 

generic process may only achieve a fractional conversion in any single pass and must rely 
on downstream reactant separation and recycle to the reactor. The energy that is required 

from these multi-pass processes is much higher than those that produce saleable chemicals 

in a single pass. 'A new process energy (Btdlb) is calculated to account for process yield 

improvements. Previously reported energy values (Lipinsky and Widrig, 1994) are 
multiplied by the maximum fractional improvement in process yield. Processes that do not 

require feedstocks above stoichiometric amounts will require less energy per pound to 

produce. These new process energy numbers are then used to calculate potential savings 

by assuming that non-unity per-pass conversions could be converted to a single-pass 

process (see Table 3). Improving the per-pass process efficiency would save 0.4482 Q/yr. 

12 



Table 3. Process Energy Savings from Per-Pass Yield Improvements 

conversion 
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A total energy savings of 0.8320 Q/yr could be realized by improving both the overall 

and per-pass process efficiencies (see Table 4). These numbers were calculated in the 

attached spreadsheet (top5Oproc_calc.xls). 

Table 4. Total Energy Savings 

calculated from overall yield improvements. 
calculated from per pass yield improvements. 
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3.2 Environmental Impact 

The generation of carbonaceous products is often accompanied by the formation of 

carbon dioxide. In some processes it is produced directly; in others, unwanted 

carbonaceous byproducts are later incinerated or biologically converted. In either case, the 

cumulative effect exceeds 20.9 billion pounds of carbon dioxide released during the 

production of the top 50 chemicals (see Table 5). These numbers were calculated using the 

attached spreadsheet (top5Oproc~calc.xls). 

Relative to the annual total carbon dioxide produced in the U. S .  from fossil fuel 

sources, 2.75 trillion pounds (C & EN News, March 13,1989), production of the top 50 

chemicals accounts for approximately 0.76% of the total annual carbon dioxide emissions 

in the United States. 

i 
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Table 5. Carbon Dioxide Production 

3.3 Economic Impact 

The extra feedstock required to compensate for process inefficiencies results in 

economic losses. The wasted moles of feedstock were calculated and.assigned doJlar 

values from Chemical Marketing Reporter. Summed over all of the top catalytically 
produced chemicals, over two billion dollars is used to purchase feedstocks that are 
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eventually converted to carbon dioxide. These numbers were calculated in the attached 

spreadsheet (top50proc-ref.xls). 

Table 6. Economic Impact 
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3.4 Process Limitations 

The production routes of the catalytically produced top 50 chemicals have eight key 

process limitations, categorized as follows: 

Lirn 1 = Equilibrium-limited (main reaction) 

Lim 2 = Equilibrium-limited (competitive reactions) 

Lim 3 = Kinetics-limited (main reaction) 

Lim 4 = Kinetics-limited (competing reactions) 

. Lirn 5 = Catalyst deactivation 
-Lim 6 = Heat addition limited 

Lim 7 = Heat removal limited 

Lim 8 = Mass transfer limited 

The potential energy savings from.each chemical have been cross-referenced against the 

process limitation(s) (see Table 7). 

Those processes affected by more than one limitation were not assigned fractional 

impact values. The total possible energy savings was inserted in each category., The sums 
of each category were normalized to determine a relative importance of the various process 

limitations. Three categories account for approximately three-quarters of 'all limitations: 

equilibrium limitations for the main reaction, kinetic limitations for the main reaction, and 

kinetic limitations resulting from competing reactions. 
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Table 7. Process Limitations 
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3.5 Impact on Top 12 Polymers 

Many of the commodity chemicals are precursors for polymer products. A study to 

describe the top 12 polymer production processes and the associated energy consumption is 

under preparation (Lipinsky and Wesson, 1995). Table 8 presents the percentage of each 

commodity chemical used as a polymer feedstock, the total excess process and feedstock 

energy, the value of wasted feedstock, and the mount of carbon dioxide that is generated 

producing commodity chemicals that later become the top 12 polymers. This information is 

included in the attached spreadsheet (top50proc-calc.xls). 

represents nearly one-third of the total extra energy required for the top 50 commodity 

. chemicals. Approximately 1 billion dollars are wasted to purchase excess feedstocks. This 

equates to nearly one-half of the total dollar value wasted to produce all of the commodity 

chemicals. Over 7.8 billion pounds of carbon dioxide are co-produced with the polymer 

precursor chemicals; this represents approximately 38% of the total. 

An excess of 0.2734 Q/yr is needed to produce the polymer precursor chemicals. This 
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Table 8. Impact of Commodity Chemicals on Top 12 Polymers 

21 





4.0 Advanced Process Concepts 

The process improvements needed to -achieve the energy savings assumed'in this study 

represent, in many cases, dramatic changes to existing processes. Realization of these 

improvements will not occur through incremental improvements in catalysts or process 

design., The complex underlying problems are not intractable, but they do require new 

approaches that address the interdependent problems and process limitations. 

to achieve these goals. Most of the process inefficiencies result from kinetic, 

thermodynamic, and transport limitations. In general, catalysis can address kinetic 

limitations, while reactor design addresses thermodynamic and transport limitations. For 
complex problems, both approaches must be integrated. 

A strategy to integrate catalysis design 'and development with reactor design is proposed 

4.1 Catalysis Design and Development 

Catalysis plays a direct role in the production of 30 of the top 50 commodity chemicals, 

and an indirect one for six other chemicals. Catalyst improvements have a direct impact in 

lowering production temperatures, increasing peK-pass yields, and decreasing unwanted 

byproducts. . 

along the lowest energy pathway toward thermodynamic equilibrium, although many 

reactions are operated far from equilibrium and are controlled by competing reaction rates. 

The addition of a catalyst increases reaction rates but cannot change the thermodynamic 
driving force that provides the direction for the reaction. If for a given set of conditions, an 
equilibrium yield of only 30% were possible, then the addition of a catalyst would allow 

the reactor to achieve a 30% yield in less time. 

production of ammonia is one example where the conversion is dictated by 

thermodynamics. At the current processing temperatures and pressures, conversions range 

between 10%' and 30% per pass. Higher per-pass yields are possible by changing. 

pressure, temperature, or composition but not by improving the catalyst. 

Catalysis alone, however, will not maximize process efficiency. All reactions progress 

. 

For many chemicals, it is thermodynamics that limits process efficiency. The 
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4.2 Reactor Design 

The selection of an appropriate reactor design is equally important in developing a 

catalytic reactor. Issues of heat and mass transport are addressed through reactor design 
and are vital to the efficiency and safety of the production processes. Many of the 

commodity chemical production routes are highly exothermic. The problems arising from 

inefficient heat removal and mass transport range from undesirable product distributions to 
thermal runaway and potential explosions. 

Reactor design, in conjunction with approphate catalyst selection, can overcome 

adverse thermodynamic constraints. Equilibeum is defined for a static system based on 

temperature, pressure, and composition. For a flowing system, the local values of these 

parameters set reaction driving forces. Novel reactor designs that alter in situ temperature, 

pressure, or composition change local driving forces. The result is a reactor that appears to 

"beat" equilibrium. This concept has been put into practice for the production of MTBE 
(-24 billion lb/yr). . 

MTBE is produced through reactive distillation, and yields approach 99% per pass. 

The product is simultaneously removed via distillation as the reaction proceeds, pushing the 

reaction further toward completion. Yields of this magnitude are only possible with an 

appropriate reactor design that couples separation and reaction. 

For the case of ammonia, a reactor design that separates ammonia as it is produced 
could achieve higher per-pass yields than those observed commercially. Local reductions 

in the ammonia partial pressure add a forward driving force that would push this reaction 

Redesigned reactors include, but are not4imited to, the generic class of separative 

reactors. This emerging field represents a suite of enabling technologies that have the 

potential to improve the production yields for many reactions. These include ammonia, 

styrene, ethylene oxide, propylene oxide, methanol, butadiene, hydrogen, and many 

others. 

. True process efficiency gains for the commodity chemicals will best be achieved 
through the integration of catalysis and an appropriate reactor design. Each alone will not 

maximize process efficiency gains, but developed in concert the limitations from both 

kinetics and thermodynamics can be overcome. 

. toward completion. 
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4.3 Integrated Process Design 

This section describes the problems associated with the top 50 production processes 

and possible advanced process concepts to initigate those issues. The process limitations 

cited for the production routes of the 30 catalytically produced chemicals are divided into 

the following concepts: 
,. 

Concept 1: Thermodynamic Limitations 'on Per-Pass Conversion 

Problem: The production of several chemicals, including ammonia, 
methanol, and styrene, has a limited conversion per pass dictated by 

thermodynamics. The operating temperature, pressure, and feed 

composition result in low yields per pass. This situation leads to an added 

reactant and product separation unit operation, followed closely by a 

reactant recycle loop. The energy required to heat, cool, separate, and 

recycle feedstocks makes these processes energy-intensive. 

Potential solution: Product separation during reaction increases the . 
thermodynamic driving force and allows the reaction to continue toward 

completion. The coupling of reaction and separation requires melding two 

unit operations into one to exploit process synergy. The requisite operating 

conditions (temperature, pressure, and chemical environment) must be 

matched to successfully join these operations. In addition, the separation 

medium must remain Catalytically inert to the reactants. Several successful 

examples of this concept have been described in the literature, and one 

successful commercial operation (reactive-distillation) is in use for the 

production of MTBE. 

The types of separative reactors include, but are not limited to, reactive- 
distillation, membrane reactors, pressure-swing adsorbersh-eactors, and 

chromatographic reactors. 
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feedstock -. -. feedstock I 

:.:.:.:.:. :.:.:.:.:. 

feedstock + 
product 1 & 2 
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- - - - C k p r o d u c t  * . . . . . . . . .  :seGaj-$br: : 1 
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product. 1 

product 2 
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product 2 
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Concept 2: Kinetic Limitations - Low Catalyst Activity 

. . . . . . . . .  . . . . . . . . .  . . . . . . . . . .  .separator. .+product 1 

. . . . . . . . .  

Problem: The production of several chemicals, including ammonia and 

methanol, has a low process efficiency because of kinetic constraints. The 

activity of the catalysts is fairly low, or the reaction conditions must .be kept 

modest to prevent undesired side reactions. 

I 

. . . . . . . . .  . . . . . . . . .  
* . . . . . . . .  -separator *--+ product 1 
. . . . . . . . .  

Potential solution: More active catalysts would result in shorter contact 

times, smaller reactor volumes, and increased process efficiency. 

Concept 2. 
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Concept 3: Kinetic Limitations - Low Catalyst Selectivity 

- . . . . . . . . .  . . . . . . . . .  
* . .  's@a?tdr: : . . . . . . . . .  

Problem: The production of several chemicals, including ethylene oxide, 

butadiene, and acrylonitrile, has a low process efficiency because of kinetic 

constraints. The selectivity of the catdysts is low and undesired side 

reactions result in the generation of no-value byproducts. 

+product 1 

Potential solution: More selective catalysts would result in a decrease in 

. the generation of byproducts and increase process efficiency. , 

Concept 3 
feedstock I 

feedstock 

product & waste 7 

I 
feedstock 

feedstock 

I feedstock + product 

7 
I . . . . . . . .  I 

. . . . . . . .  
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Concept 4: Coupled Kinetic and Thermodynamic Limitati.ons 

Problem: The production of several chemicals, including ethylene oxide, 

propylene oxide, and formaldehyde, has a low process efficiency because 

of coupled kinetic and thermodynamic constraints. The desired products are 

more reactive than the feedstock and rapidly overoxidize to carbon dioxide. 

In addition, there is a strong thermodynamic driving force to produce 

carbon oxides, rather than the desired intermediate product. 

Potential solution: More selective catalysts would decrease the 

generation of byproducts and increase process efficiency. However, 

catalyst development can not mitigate the thermodynamic driving force to 

overoxidize the product. This advanced concept controls the oxygen 
addition to favor the desired reactions by changing the local oxygen partial 

pressures that dictate thermodynamic driving forces. 

Concept 4 

feedstock 1&2. 

feedstocks I 

feedstock 1 c 

feedstock 2 

I product 1 & 2  

7 . . . . . . . . . . . . . .  1 .  . separator - product 1 . . . . . . . . 

product 2 
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Concept 5: Transport Limitations 

Problem: The production -of several chemicals, including ethylene oxide 

and adipic acid, has a low process efficiency because of transport 

limitations. The highly exothennic reactions generate heat at a faster rate 

than it can be removed with conventional methods. To counter this 

problem, a diluent is often added to the feed to reduce the heat generated per 

unit volume. As a result the process must heat, transport, and cool excess 

material that in some cases represents.a volume exceeding 10 times that of 

the feedstocks. 

Potential solution: Improved heat removal technologies would reduce or 

eliminate the amount of diluent needed to ensure safe operation of the 

reactor. Higher production rates per unit volume would increae the 
process efficiency. 

Concept 5 
feedstocks feedstocks 

A 

products + diluent 
feedstocks 
+ diluent 

. . . . . . . . . . . . . . . . . 
A L - -sgpqato< : : sepvator: -b products . .  + 

. . . . . . . . . . . . . . . . . 
diluent product 2 
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Concept 6: Transport, Kinetic, and Thermodynamic Limitations 

Problem: The production of several chemicals, including ethylene oxide 

and adipic acid, has a low process efficiency because of coupled transport, 

kinetic, and thermodynamic limitations. The conversions per pass are 

maintained at a low level to safely operate the reactor with a high product 

selectivity. 

Potential solution: New technologies that simultaneously mitigate all 
three limitations are required to improve the process efficiency. Improved 

heat transfer coupled with new catalysts and reactor designs to mitigate the 

process limitations is required. 

feedstock 1&2 

Concept 6 
feedstock 1 
t 

feedstocks 
+ diluent products + diluent 

. . . . . . . . -1 : S&&iO;: products . . . . . . . . 

1 
diluent 
(to prevent runaway and 
maintain operation below 
flammability limit) 

I-1product . . . . . . . . . 1 

v 
product 2 

local reactor concentrations 
below flammability limit 
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5.0 Conclusions 

The production routes associated with the catalytically produced commodity chemicals 

consume additional energy and raw materials beyond those necessary to produce the 

desired level of saleable products. In this study waste is quantified in tenns of energy, 

environment, and economics. It was found that 0.83 quads of energy are wasted, 20.9 

billion pounds of carbon dioxide are released to the atmosphere, and over 2 billion dollars 

are spent to purchase feedstocks that are converted to waste. 

The process inefficiencies that give rise to this waste are a function of both kinetics and 

thermodynamics. Traditional approaches to overcoming these limitations, namely catalyst 

development, are an important component to the solution. Alone, however, catalyst 

selection will not overcome many of the problems. Integration of catalyst development and 

reactor design is necessary to counter the process limitations and reduce the associated 

energy, environmental, and economic burdens. 
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APPENDIX I 

Potential Feedstock and Process Energy Savings Calculations 

(attached file: top50proc-calc.xls) 



top50proc-calc.xls 

. 
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I 
I I 

i Environ. Environ. 
I 
I 

I Feedstock-1 i Feedstock-2 I waste = $fib of $Ab of 

i 
waste = 

Chemical feedstock wasted (bil wasted (bil I equiv. C02 equiv. C02 feedstock feedstock 
I i Ib/yr) Ib/yr) 1 generated- generated - #1 . #2 I feedstock-1 I feedstock-2 

i 1 i i 
I I 

. .. _. . .. . 

I notes (May 
1995 Chem $/yr wasted 
Marketing feedstocks 
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top50proc~calc.xls , 
! 

I I i i I Heat 

Chemical I limited addition 
I rxn) limited 

i i 
! ! 

IPmnvlene 1 I I I 

Nitric acid ! I I I 
0.01 08 Ethvlene dichloride I 

1 .  I 0.0441 ' 
Vinyl chloride I i 

I 

Benzene I I i I I I 1 0.0042 I 
Ethylbenzene 

1 

i 0.0012 MTRE 

Styrene I I I I I 0.0200 
Methanol 1 0.0367 i I 0.0367 I I 
Formaldehvde I 0.0061 I I I n.nnrii I 

I I I I I 
Phenol I I 0.0124 I I 
Acetic acid I I 0.0018 I. I 0.0018 I 

I 
I I I  
I I 99.5 1 99.7 

I I 95 i io0 

NIA NIA * 
0.0012 I 0.0012 I 100 I 99 

NIA NIA 
NIA NIA 

0.0289 I I 80 I 95 
I I 99 I 99 

-1 
0.0806 

I 166.5 I 100 I 0.0235 Acrylonitrile 

0.0155 90 100 Propylene oxide 

Vinvl acetate 0.0157 0.0157 0.0157 . 90 100 

ICvclohexme I I I i I I 
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Sulfuric acid 
Nitrogen 

ILime 

lEth y lbenrene 

Acrylonitrile + 
IPropylene oxide 

normalized fraction E 

top50proc-calc.xls 

I Sum ofwnstrd 
New Process E energy from 

Ex saved lrom 
production improving inerllclendes and 
rate (Q/yr) YPP (Qlyr) 

I 
extra feedslock 

use (Qlyr) 
I 

(Btdlb) (Btdlb) overall 

I 
2600 1 28000 1 14246.4 13753.6 05038 0.0037 0.0196 1290.23 0.0037 0.0002 0.0235 

0.0155 

5630 I 15800 I 14406.441 1393.561 0.13381 0.00181 O.OOO41 4876.781 0.01171 0.00581 0.008 1 

0.1459 0.2380 0.4482 0.8320 

0.1753531 0.28600424 0.538643 

1754 28.60 53.86 
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top50proc-calc.xls 

Ammonium nitrate I 

t 1 Total energy Wasted I , Lbs ofCOi 

i 12polymers precursors I polymer polymer 

I I I 

70 used to savings for feedstock (bil. produced on 

precursors 

Chemical 1 produce top i polymer 1 $)on 

(Qlyr) 1 precursors . 

01 01 0 

I 

I I 01 0 0 
I i O !  0 0 
I I 01 0 0 
I 81: 0: 0 0 

Sulfuric acid 
Nitrogen 
Oxygen 
Ethylene 

84, I 0.037045989[ 0.2217684 
I 

Vinyl chloride I 
Benzene I 641 01 0 

! 0 0 
01 0 0 

Ammonia ! 
Lime ! I 

Phosphoric acid I I 0' 0 0 
Sodium hydroxide i I 0 0 0 
Propylene 461 0.045140526 0 0 
Chlorine . i 30! 0 0 0 

1.16004 
0 

.~ 

tSodiurn carbonate I I Oi 01 oi 

Ethylbenzene I 

- - 1  , 
Nitric acid I 10; 0.0001308071 0.0035751 0 

I I I I 

0 0 0 

Acrylonitrile 

ProDvlene oxide 

18 0.004229442 0.0261927 0.29322 

17 0.00263823 0.008208025 0.27081 

Vinyl acetate 
Titanium dioxide 
Acetone 

Cumene 
Potash 
Phenol 
Acetic acid 
Butadiene 0.7984 

0 0 0 
0 0 0 
0 0 0 

Cyclohexane 
Aluminum sulfate 
Sodiiim silicate 

82 6.94853E-05 0.000468384 0.01 148 
0 0 0 
0 0 0 

Adipic acid 
Calcium chloride 
Caprolactam 
Sodium sulfate 
lcnhiitvlpne 

74 0.015067469 0.01495984 0.26048 
0 0 0 

87 0.000961318 0.0819279 030276 
0 0 0 
n n n 

32.86 47.29 3766 

Page 5 



APPENDIX I1 

Calculation of Excess Feedstock Required and Carbon Dioxide Generated 

(attached file: wastel.xls) 

. 



wastei.xls 

Dehydrogenation 

Methanol synthesis 

I I Production I 

ethylbenzene 100.00% 90.00% 3.15% .693 .270 

carbon monoxide 99.00% 98.01% 0.00% .I55 
not 

Chemical 1 Ibil) 92 
Sulfuricacid I ! 88.8 

I 

Methanol 

42.38 
40.41 

Ammonia 

8.73 

34.72 
Phos horic acid 25.36 

Pro lene ' 22.6 
22.28 

Sodium carbonate 20.89 

Formaldehyde 

Xylene 
Toluene 
Hydrochloric acid 

p-Xy lene 

Terephthalic acid 

Urea ! 16.84 
Nitric acid ! Ih.0R 

6.98 

6.38 
6.03 
5.75 

5.66 

5.64 

St rene H- 

Air oxidation 

Oxidation 

p-x ylene 95.00% 0.00% .I90 .360 
air 100.00% NA NA NA NA 

(epoxidation) Eth lene oxide ethylene 95.00% 76.00% 0.00% 1.1 17 280 
oxygen 100.00% NA NA NA 

j b m e n e  

Biproduct Feedstock Feedstock 
Yield 1 W a s t e - : m  

4.57 

Process ! Feedstock 1 % I Mol% I Mol% I (bin I $Ab 

i air INotSoecified I N/A ! 0.00% I NA I NA 
catalyticconversion)' SO2 ! 99.70% I 99.20% I 0.00% 1 .467 I .I 15 

alkylation . I benzene I 98.00% 1 97.02% I 2.98% I .Ooo 

I I I I I I 1 

.I43 

thermal ethylene 
decomposition I dichloride 1 95.00% I 93.10% I 0.00% I 1.553 .170 

I 

Catalytic reforming naptha NA NA NA NA .I48 
Alkylation ethylene 99.00% 98.01% 1.00% .029 .280 

benzene 100.00% 98.01% -164 -143 

Reactive distillation methanol 99.00% 99.00% 0.00% .096 .OS8 

isomerization landethylbenzenel I , 100.00% I 70.00% I 19.60% I 341 I .159 

Hydration I ethylenboxide I 99.00% I 89.10% I 9.90% I .041 I .450 
I water I NA I NA I NA I NA I NA 



wastel.xls 
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waste1 .XIS 

I 

Other Notes ” 1 References 

I I 1 Feedstock j No-value 
Waste Hydrocarbon Co- Feedstock Waste Valuable Co- and 

Chemical I $lbillion 1 and bvproducts c 0 2  Equivalent i Byproducts 

Sulfuric acid 1 .OS4 I ,  none I .OOO none I 
I NA I NA I I nnne I I 

I- I 
I prowl ene n 

Nitric acid I .036 I none 
I N A  I nnnP 
I I . .. . ..-..- 

C1 and C2 carbon 
Ethylene dichloride .073 oxides and chloride 

Vinyl chloride .264 I , chlorinated carbon! 

Benzene NA NA 
Ethylbenzene .008 none 

.023 

I 

I NA NA 
Formaldehyde 1 .os0 I carbon dioxide 

p-Xylene .I34 m-xylene 
4-carboxy 

Terephthalic acid .068 benzaldehyde 
NA none 

1 y  Eth leneoxide ’ 1.3l3l 1 
Ethylene glycol I .018 I not specified 

I N A  I NA 

none 

.OOO . I fractions I 174 

.OOO none I 
N A  I N A  I . .. . . .. . 

. McKetta. 1984. V. 20. p. 
.821 none 213 

I I I 

1.381’ 

NA fractions 
Other hydrocarbon’ 

.092 polyethylbenzenes 
CCL 

J J U  I I I 
(unreactive C4 unreacted MeOH. and C4 

hydrocarbons added hydrocarbons allowed in Hatch and Matar 1981. p. 
.096 with feed) gasoline product 128 

HP.1995. p. 112; 
t-butyl alcohol; biproducts can be used in Chemical Enerineerine 

.OOO I diisobutvlene le&oline 11979. u. 209- 
- 

Hatch and Matar 1981. p. 
. 138,Chemical . Engineering, 1079. p. 

Toluene (.03lkg/kg 269, Lowenheim and 
2.302 styrene) Moran, 1975. p. 782 

.213 none 

.OOO none 
1.080 none 
NA none 

Yield >995: 102 Ib 
diethylene- and 5 Ib 

diethylene glycol. triethylene-glycolsllOOO Ib 
.082 triethylene glycol ethylene glycol Chemical engineering 
N A  I N A  

polyalkylated ’ Lowenhzm and M o m  
.OOO benzenes 1975. p. 295 
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I i i i i 
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APPENDIX m 
Process Information and Limitations 

(attached file: top50proc-ref.xls) 



top50proc-ref.xls 

Chemical 1 Subprocess i Feedstock 1 Operating conditions I catalysts Notes 

Process is reaction rate limited 
due to catalyst deactivation 
(sintering at higher temp and 
gradual poisoning), and 
equilibrium limited that is 
favored at lower temp. Process 

Ethane, Naptha, gas oil. 
resid oil. crude 

Cracking. steam petroleum, other 
Propylene cracking refinery gases 

metathesis ethylene and butene 

. Considered one of the most 
efficient catalytic process. 94% 
yield at 10 bar (to 98% at 1 bar) 

Platinum alloy gause Favored by high temp low press 
T= 820 - 950 C containing 5 - 1O%Rh or High press proc pref. to reduce 
P =  I - 1 2 B ~  optionally 5% Pd and 5% NOX emmisions; but cat life 
t(res) = 0.001 sec RH limited at higher required temp. 

Liquid Phase 

Ethylene Bromide cat 

Iron(lI1) Chloride cat. 
T = 53 -65 or 109 C 
Vapor phase Uhylene Bromide conversionlpass in the 90s 
370 - 500 C Iron(II1) Chloride 99.8% purity 

P = 1 - 1 0  bar 

T -40 - 50 C 

Exothermic. 90+% yield 

Page 1 



- . .. 

I I 

. i  

/Pi Catalyst 
i 

katalytic Reforming j , P =  250 - 800 psi 
PtRH Catalyst [(hydroforming, INaptha 

Iplatforming, I(cyclohexane.methy1 t = 480 -540 C 

i .  I 
1 
I 
i i IT=430 - 530 C 

Vinyl chloride lpyroiysis IEthylenedichloride IP= 10- 35 Bar Pumice or Charcoal 
t . I  i 

i ! i 

Platinum metal on 
Jalumina support, Pt,-Rh 
i T= 450-5 10 C 

i i 
3enzene Irheniforming) (cyclopentane) P = 100 - 200 psig 

! I 

50 - 60% conversion. 95% 
selectivity 

Endothermic reaction req. 
interstage heating 80% 
yieldlpass from C6 napthenes+ - 9% in feed, Gross yld of 
aromatics = 90 - 95% of 
theoretical. Higher ylds from 
Pt/Rh cat. (High temp/ Lower 
press) Cats. sulfur sensitive, 
deactivate faster at low P. 
Exothermic Rx. 96+% yield. 

Vapor phase I alkylation 

I Hydrodealkylation 

Hydrodealkylation 

disproportionation 

Mobil Badger 
Process 
High Temperature 
Process 

i 
p = 375 -750 psi 

T = 600 - 800 (most cat.) 
T -= 320 - 630 (Ni on 

' i  

roluene or toulene rich T = 550 -650 C ' 

'eedstocks, hydrogen 

Some hydrocracking oc&rs 
Ni, Cr. Moor Co producing CI to C6 Paraffins. 
supported on alumina or some biphenyl and polycyclics 
Silica-alumina produced. 

Y. La. Ce. Pr. Nd. Sm. 
Th compounds: Nickel 

Page 2 

roluene, steam 

roluene 

Benzene (styrene grade), 
zthylene 

Benzene, ethylene 
Ethylene, Benzene 
[makeup) most benzene 
may be a recycled 
intermediate in the 
process 

P8% Ethylene? 

on alumina A1203) 
Co-Mo cat. 40% conversiodpass, 97% 
T=450 - 530 C 
P =.300 Psig ZMS-5 Zeolite 58% conversion, Conversion > 
ZMS-5 Zeolite CoO-Mo03 on. 40% produces more side Rx. ar 
T = 480 aluminosilicat/alumina catalyst deact. 

yield. Equilibrium limited to 

90-99+ overall yld. Approx. 
70% sel. over polyethylbenzenc 
(PEB) in .proc. Used in styren'e 
syn. proc. Friedle-Crafts 
Alkylation. Excess Benzene to 
min. PEB biprod. that is 
recycled and conv. to ethylbeni 
in reactor. 100% conv. 

99t% yield. Multiple pass. 
Designed to used high ethylene 
(8 - 10%) refinery gas as 

ethylene can be used. 

Aluminum chloride- 
hyrdrogen chloride- T 4 0  - 100 C C 

P = 3 0 -  100psi hydrocarbon complex ethylenelpass 

T = 150 - 250C feedstock. Up to 5 - 100% 
P = 400 - 700 psi Boron trifluoride 

* Crystalline 
T = 370 - 420 C 

T = 2 6 0 C  
P = 900 - 950 psig solid phosphoric acid None 

aluminosilicate zeolite BenzendEthylene = 7 3 1  (511 
P = 200 - 400 psig (ZSM-5) 20/1) 

Equil. limited. Temp maint. 
below 90 C to improve equil. 
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top50proc-ref.xls 

I i  

Chemical 1 'Subprocess 1 Feedstock . i Operatingconditions 

I I I 

Br salt promoted; T = 
2 0 K .  P = 225-400 psi 1 Acetaldehyde promoied 
IT = 120 - 175 C 
P = 100 - 200 psig 
MEK promoted 
T=95- 150C,P=5- 

erephthalic acid lair oxidation /p-xylene. air 1150 psig 
I liqujd phase C02  at 740 

jdisproportionation /Potassium benzoate, lpsi 

T = 260 - 280 C (air) 
T = 230 C (oxygen) 
P = 1 - 3 M P a  

T=50- 1OOC 
t(res) = 30 min, 

I I I 

umene . Alkylation IEIenzene, Propylene 

Peroxidation 

140 C) P = 25 - psig (20 - 250 psi) 
Decomposition 

P = 5 psig 

Ethylene oxidation 
T =  130C 
P = 45 psig 

T = 66 C 

T=100-130C (130- 

T=60 - 80 C 

henol Cumene Peroxidation Cumene, air t(res) = 15 min. 

Ethylene. Oxygen (air) Acetaldehyde oxidation 
(acetaldehyde is an 

Acetaldehyde intermediate product in P = liquid phase (about 
ceticaeid . oxidation integrated system) 15 psi - 75psi) 

95% n-butane (2.5% . 
isobutane. 25% 
pentane), air (airbutane 
= 5/1), Europe uses 
pentane and hexane T=50 - 250 C 

n-butane oxidation feedstocks P = 800 psi 

T=150-200C(175C) 
Methanol 
Carbonylation . methanol, CO atm) 

P = 100 - 215 atm. (1 

99.6% purity and 90 - 95% yieli 
(90% sel. at 95% yld). Acetic 
acid used as solvent in Proc. 
Punty improved by 
hydrogenation of formylbenzoic 
acid impurity to p- 
methylbenzoic acid and 
crystallization. 99.9% pure 

Reaction takes place in CO2 

10 - 15% conversion/pass. 88 - 
94% selectivity reported using 
alkali metal cations in, on or 
under silver particles on alumin 
. Carbon dioxide inhibits Rx. 
removed in an absorber before 
stream recycle. Lower temp. 
favors selectivity and 
conversion. 

:ob& and manganes 
alts of heaymetal 
iromides product 
Zn and Cd compounds 
:CdO) atm. 

Silver, with trace of Cs 

100% yield of products with 
about 10% of product di- and 
uiethylene glycol ethers 1.5 - 1 .O% HZS04 

yield on propylene. Exces 
zene used to minimize di- 
ropylene benzene formation 
ch must further react with 
zene to produce cumene in a 

ate step. Cat. distillation ' 

'eroxidation 

30 - 50% conversiodpass and 
85 - 95% yield of cumene 
hydroperoxide intermediate. 90 - 95% yield of phenol from 
hydroperoxide itermediate. 90 

:?I Exothermic. 91 - 93% overall 
kcomposition - m i n e d  yield of acetone coproduct. 
icid (H+) Other byproducts made. 

-metal salts - 98% overall yield. 

95% yield of Acetaldehyde fron 
ethylene. 95% yield of acetic 
acid from acetaldehyde with up 

3hylene Oxidation - 
ZuC12 and PdCI2 
4cetaldehyde oxidation - to 50% conversionlpass. 
Mn(OAc)2 or Co(OAc)2 Homogeneous cat. 

75 - 80% selectivity (6% formic 
acid, 6% ethanol, 4% methanol. 
4 - 9% other). Homogeneous 
cat. Process conditions can be 
modified to emphasize formic 
acid or MEK production at 
expense of acetic acid. 

Zobalt, manganese or 
:hromium acetate 

99+% yield based on methanol. 
go+% yield based on CO. 
+Leach 1983 gives good . 
discussion of catalytic Rx. 

tlhodium and iodine 
:atalyst system 
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top50proc-ref.xls 

Notes 
I 

Chemicnl Subprocess I Feedstock I Operatingconditions Catalysts 
! I 

’eroxidation 

40 C) P = 25 - psig (20 
.250 psi) 

-=60 - 80 C 
’ = 5 dpdog 

-= 100- 130C (130- 

kcomposition 

~ 4 5 0  - 550 C 
)= 40 - 50 psig 

i I 

i i 

Peroxidation - metal salt! 
(3 
decomposition -mineral 
acid (H+) . 

Cu, brass or ZnO 

i 
i 
I 

loxidative ! 

30 - 50% conversiodpass and 
85 - 95% yield of cumene 
hydroperoxide intermediate. 90 
- 95% yield of phenol from 
hydroperoxide itermediate. 90 
- 98% overall yield. 
Exothermic. 91 - 93% overall 
yield of acetone coproduct. 
Other byproducts made. 

95 - 98% yield, up to 98% 
conversion /pass claimed for one 
process 

Iataiytic in-Butanes and n- 

Dehydrogenation 

isobutane, 
ethylbenzene. or 
acetaldehyde, 
isopentane. isopropanol; 

Peroxidation oxygen, propylene 

Ethylene, acetic acid, 

Isopropanol 

:400 - 600 C 
)= 40 - 50 psi Cu or Ag 85 - 95% yield 

Yield from butane = 60%. 
Exothermic, 80 - 93% 
selectivity, 65 -75% 
conversiodpass, all 02 
consumed,lO% loss of carbon as -( inlet) = 340 - 360 C 

alcohol etc. coproduct produced 
93% of theoretical yield from 

Oxidation- 
dehydration 

’ = 1 atm none 

sobutane 
’=120- 15oc 
’ = 450 psi Coprod. 
‘ert-butyl alcohol 
:thylbenzene Isobutane - 
-= 80 - 130 C 
’ = 550 psig. Coprod. - 
tyrene compounds 

MoNapthenate 
Ethylbenzene - Mo 

Isopropanol. air 

rapor phase - = 175 - 200 C 
Pd on alumina or silica 
alumina or Pd on carbon. 
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I 
Isobutylene Isomerization n-butanes 

dehydration tert-butyl alcohol 

90% yield from butane (iso?) 
Ten. butyl alcohol coproduced 
with propylene oxide from 
prpoylene 
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top5Oproc~ef.xts 

11 Other process notes Chemical I References 1 Process limitations Strategies to overcome limitations I 

I i I - !i 
[Efficient process: one ' 
reaction step q u i t  i Ij 

remove H2 as formed to improve 
HP 1993 /Equilibrium-limited conversion at lower temp. Imroved 
Slack and James 1973 Ireactions catalyst actitivy to reduce Rx. temp. 

! 
4mmonia 

I -  
remove CO, H2 as formed to improve 

HP 1993 Equilibrium-limited conversion at lower temp. Imroved I 
Slack and James 1973 reaction lcatalyst actitivy to reduce Rx. temp. I 

I 

I ! i 

i 
remove C02. H2 as formed to HP 1993 

Slack and James 1973 Slow reaction rateS ' limprove conversion at higher temp 

HP 1993 

Equilibrium-limited Better catalyst activity, heat removal 
reaction; catalyst . not a big problem, Intraparticle mass 
deactivation: heat transfer limits rate. remove NH3 as 

FCC also produces propylene bu 
at a lower yield. and is considerec 

No specific Strategies Noted, because an undesireable byproduct in Produced with other 
Propylenc Hatch and Matar 198, p. 74.77 valuable products multiple coproducts are produced gasoline production 

(HP 1995. p. 144 I (Improve conversion of isobutene. 11 
I I II 

No strategy noted. but a more 
temperature resistent catalyst would 
improve yield by allowing higher Equilibrium-limited 

VLtric acid Buchner'et. al. 1989. p. 5667 reaction temp. (equilibrium limited) 

Hatch and Matar 1981, p. 97 
Lowenheim and Moran 1975. I 
p. 392-3 
Satterfield 1991. p. 304-5 I imporved oxychlorination catalysts to 
HP., 1995, p. 148 
Pearce and Patterson, 1981, p. 

Pearce and Patterson suggests 

complete reaction without HCL 
production, and oxychlorination of Heat removal is important to 

Ethylene dichloride 281-91 competing rxns ethane. prevent possible explosions. 
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Hatch and Matar 1981 
Lowenheim and Moran 1975 

greater catalyst activity to achieve 
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top50proc-ref.xls 

I 
Chemical ' I References j Process limitations Strategies to overcome limitation! 

S rene 

Methnnol 

Formaldehyde 

779-82 

Chenier 1986 
Hatch and Matar 1981 
Satterfield 1991 
Lowenheim and Moran 1975. 
p. 111 
Pearce and Patterson 1981 

Hatch and Matar 1981 
Satterfield 1991 
Pearce and Patterson 1981 
Hydrocarbon Processing 1995. 

Hatch and Matar 1981 
Pearch and Patterson 1981 
Lowenheim and M o m  1975 

Faith et. a1 1975 

Hatch and Matar 1981. p. 149 

Faith et. a1 1975 
Satterfield 1991 
Hatch and Matar 1981 

Chenier 1986 
Faith et. a1 1975 
Satterfield 1991 

p-Xylene Petrochemical Handbook 1991 

Hatch and Matar 
Satterfield 1991 

i 
i 

Improve heat addition methods. 

I 
Zquilibrium-limited; heat Reduce diffusion limitation in catalyi 
iddition; mass transfer I Separate hydrogen as it forms to brea 
imitations lQuilibrium 

I 

I 

i 
limprove selectivity of catalyst to 
lcoproducts 
!remove CO, H2 as formed to improvc 
conversion at lower temp Improve 

I 
2juilibrium-limited and 
nfavorable kinetics for 
ndesired reactions. 

catalyst improvement. Direct route 
from methane. Separate product as it 
is formed. 

No clear strategy for improvement 
because multiple products are 
produced. Product removal in reactor 
may allow lower Rx temperatures to 
be used. 

greater catalyst activity to achieve 
higher conversion without side Rx.. 
Removal of product 

No clear strategy for improvement 
because multiple products are 
produced. Product removal in reactor 
may allow lower Rx temperatures to 
be used. 

No clear strategy for improvement 
because multiple products are 
produced. Product removal in reactor 
may allow lower Rx temperatures to 
Ibe used. 

No clear strategy other than further 
improvment of catalyst selectivity. 
product removal may improve 

Efficient removal of p-xylene as 

Other process notes 

Noncatalytic (?) Epoxidation 
irocess (Chenier accts for 17% c 
iroduction(l986) by oxidizing 
:thylbenzene and reacting with 
xopylene to produce Propylene 
ixide and an alcohol dehydrated 
0 styrene 

1 titanium oxide catalyst may be 
equired to dehyrogenate 
ihenylmethylcarbinol to styrene 
It 180 - 280 C 

ianerfield notes that direct 
ynthesis from methane has been 
r i d  but formaldehyde more 
active than methane (rapid 
uench or removal would make ii 
lore practical). Lowenheim and 
doran describe methan 
onversion process. 

tinor process primarily used as i 
iethod of producing benzene 

'ery little difference between the 
)luene and benzene reforming 
lutes except for the composition 
f the feed, and subsequent 

teferences in Saner field on 
irocesses (p. 374) 
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I Process limitations I Strategies to overcome limitstions I 
1 ! I 1 I1 

Other process notes II Chemical I References 
I 

I 

I _ . ’  I 

i 

! 
i 

I 
1 

IChenier 1986. p. 201-2 i ’  
Hatch and Matar 1981. p. 160 1 
Pearce and Patterson 1981 1 
Lowenheim and Moran 1975. j 

Hatch and Matar 1981. p 151- ’ 

Improved catalytic activity to avoid 
production of formylbenzoic acid due 
to underoxidation.. 
No apparent strategies. Probably 

I 

1. 
rerephthalic acid p. 807-9 Islow kinetics 

1153 I similar to toluene disproportionation 

Hatch and Matar (p160) indicate 
cobalt acetate catalyst promoted 
with NaBr or HBr, or by co- 
oxidaing acetaldhyde or MEK. 
this is a homogeneous catalyst(?) 

- 

Overeaction with 0 2  decreases 
selectivity with yield. Improve heat 
removal and in situ product removal. 

Hatch and Matar give formuals 
and results for 3 catalysts. 
Alternative promoters listed by 
Lowenheim and Moran. 
Satterfield discusses possible rol 
of C1 and alkali promoters. Leacl 
1983 gives good discussion of 
catalytic Rx. 
Hatch and Matar, Pearce and 

Ethylene oxide 

IHeat removal; competini 
Ireactions which reduce 

Hatch and Matar 1981, p. 92-4 iselectivity; xs ethylene 
Lowenheim and Moran 1975 fed per pass = high 
p. 408-1 0 separation and recycle 
Satterfield 1991 I load 
I I 

Hatch and Matar 1981. p.66 
Lowenheim and Moran 1975 
Chenier 1986. p 156 

Hatch and Matar 1981. p. 55 
Lowenheim and Moran 1975. 

Chenier 1986. 155-6 
p. 9-1 1 

Leach 1986, p. 275-95 

Clumene 

Nos ecific stratigies identified. 

~ 

Competing reactions: xs Improved selectivity of catalyst for 
benzene used to improve cumene over other polyalkylated Chenier 1986, p. 178-9 

Hatch and Matar 1981. p. 140- selectivity = large 
1 Lowenheim separation and recycle Selective addition of propylene to Assumes single pass which it is 
and Moran 1975 load control overreaction. not. 

benzenes(overreaction occurs). 

I 
No specific strategies noted 
increase reactivity of CO with 
methyol to achieve greater 
completion of reaction (produce better 
CO complex on catalyst at lower CO 
Partial pressures). Increase selectivity 
to acetic acid. 

Hatch and Matar 1981, p. 101- 
2. Chenier 1986. p 155 icetic acid 
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References I Process l iktations I Strategies to overcome limitations 11 Other process notes I 
Chemical ; 

The proc. is not equilibrium limited 
(because hydrogen prod. conv. to . 
water) but rather limited by 
stochiometry. Improved selectivity 
could produce modest energy 

'i 
Oxidative process accounts for 
70% of Butene derived Butadien 
However, 95% of all butadiene i! 
from steam cracking or imports. 

I 
, i  

Pearce and Patterson, 1981, p. 'Heat removal; catalyst 
285-6 deactivation; competing improvments.by reducing feedstock ther are a number of catalyst 
Satterfield 1991. p. 290-1 reactions which form req. Improved heat removal would systems and temperatures 

Butndiene ' Hatch and Matar 1981 ico2 reduce stdfeed ratio. indicated in these references. 

- I  
Hatch and Matar 1981, p. 88-9, 
Chenier 1986.. p. 137 
Satterfield 1991. p. 402-3 I 

Lowenheim and M o m  1975. . water. Control oxygen addition to 

Separate hydrogen as it forms to save 
valuable product rather than producing 

keep catalyst coke-free while 
.Bhtylene ConvJpass = 25 - 30% 1 Butane conversionlaass = 11- 

p. 106- Competing reactions to 
Lowenheim and form acetonitrile and 

HCN HCN recovered . 
Chenier 1986; p. 136-7 and acetonitrile llmprove catalyst selectivity and 

Acrylonitrile Satterfield 1991, p. 273-77 incinerated??? stability 

o apparent strategy - noncatalytic 

Satterfield 1991, p. 285 

atch and Matar 1981. p. 140- 
Lowenheim and 

Hatch and Matar 1981 
Lowenheim and Moran 1975 
Chenier 1986 No apparent specific strategy. 
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r 
:,. 

I .  ' 

top50proc-ref.xls 

Chemical . References 

i 
Hatch and Matar 1981 
Lowenheim and Moran 1975 
Chenier 1986 

Adipic ai 

Hatch and Matar 1981. p. 146 
Lowenheim and Moran 1975, 
p. 50-54 
Pearce and Patterson 1981. p. 

(Hatch and Matar 1981 

I 
Lowenheim and Moran 1975, 
ID. 201-3 

bobutylene IHP 1995 

. Chenier 1986.p 175 
Hatch and Matar 1981 p 11 1 

~~ 

Process limitations Strategies to overcome limitations i 
I 

improved heat removal to reduce 

I 

Improve selectivity of catalyst to 
produce hexanoY hexanone 
intermediate or remove intermediate 

IBetter catalyst specificity 

Improve selectivity. Selectivity may 
be due to over reaction or competing 

:omuetine reactions reactions. 

inetics to competing 
ms. cat. deactivation; 
eat addition 

I 
I 

Other process notes 

referred route 

9cIohexanone can be made from 
yclohexanol by dehydration ovei 
zinc cat. (using the 
yclohexanoYcyclohexanone 
itermediate from adiptic acid 
lute. Made from phenol by 
ydrogenation over Pd on carbon 
at. ther are other urocesses not 
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