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ABSTRACT

In support of the DOE-sponsored Liquid Phase Methanol research and development program
(Contract No. DE-AC22-87PCg0005), rate expressions for methanol synthesis from syngas in a
slurry reactor have been developed. These rate models, which express methanol rate as a function of
gas phase fugacities, were fit to the 250"C laboratory experimental data bases for two BASF
methanol synthesis catalysts, $3-85 and $3-86. In addition, the $3-86 experimental data base was
expanded by obtaining data on the Great Plains syngas feed. The best fit rate expressions identified
for each catalyst differ in mathematical form, but were both derived from a reaction mechanism that

assumes that CO and CO 2 ar_ hydrogenated in parallel on separate sites on the surface of the
catalyst. Model $3-T2, the best model identified for $3-85, yielded an average prediction error per
experimental observation of 12.9%, while the average error for model XXI4, the best model for $3-
86, was 15.3%. Agreement between experimentally observed trends and model predictions is
generally good, though some deficiencies of the models have been identified.
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INTRODUCTION

The Liquid Phase Methanol (LPMEOH) process is an efficient method of producing methanol from
coal-derived synthesis gas. In the LPMEOH reactor, the methanol synthesis catalyst, in a powder
form, is suspended in an inert liquid medium. Because of the superior heat transfer characteristics
of this slurry medium, the highly exothvrmic and equilibrium-limited methanol synthesis reaction
can be run under essentially isothermal conditions. This enables the use of unshifted feed gases
which contain high levels of CO and the achievement of a high per-pass conversion.

Successful application and optimization of the LPMEOH process requires a method of predicting
methanol synthesis rate as a function of reaction conditions. A key requirement is the development
of an accurate kinetic model, i.e., a mathematical expression of the intrinsic methanol synthesis rate
as a function of pressure, temperature, and gas composition. A rate expression derived from
fundamental considerations of the elementary steps of the reaction mechanism is desirable, because
such an expression is likely to be applicable over a wide range of reaction conditions.

Historically, methanol synthesis from syngas has been one of the most studied reactions, as indicated
by the extensive literature. Numerous reaction schemes and rate expressions have been developed to
describe the methanol rate for a variety of reaction conditions. Most associated experimental

measurements of rate have involved synthesis in packed bed reactors with high I-_CO feed. Many
of the proposed rate expressions lack important features, such as the influence of CO2and the water-
gas shift reaction. Some of these rate models are also quite complicated and difficult to use.

The primary goal of this work was to develop a simple, fundamental rate model for slurry-phase
methanol synthesis from coal-derived syngas• Development of an accurate model will assist in
successful scale up and commercial implementation of the LPMEOH process.

OBJECTIVES

The objectives of the present work can be divided into three parts. The f'wst objective was to
develop.a best-fit model for the older methanol synthesis catalyst (BASF $3-85) data base. At the
time that this work commenced (June 1989), the BASF $3-85 data base contained many rate
measurements accumulated over a few years. The newer catalyst (BASF $3-86) data base, at that
time, contained only a few observations and did not include a broad range of conditions. Thus, a
second objective of this work was to expand the BASF $3-86 data base to include more rate
observations over a broader range of conditions. Finally, after expansion of the BASF $3-86 data
base, the third objective was to develop a rate expression to describe this data base. This would
include the application of rate expressions developed for the BASF $3-85 car.alyst, as well as new
models.



SAFETY

The major safety concerns in the experimental part of this study were the flammability of I-I2 and the
toxicity and flammability of CO, both of which are present in syngas. The primary measures taken
to minimize the consequences of an unexpected release of these gases were: the apparatus was
housed in a continuously ventilated walk-in hood, the atmosphere in the hood and the laboratory
area was continuously monitored by flammable gas and CO detectors, and the flammable gas and
CO detectors were interfaced to an automatic gas flow shutdown system.
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EXPERIMENTAL

Materials:

The"catalysts used for these' experiments were BASF $3-85-44 and BASF $3-86-43 (previously
designated F21/0E75-44 and F21/0E75-43), respectively. Hereinafter, BASF $3-85-44 and BASF
$3-86-43 will be referred to as $3-85 and $3-86, respectively. Both catalysts are commercial Cu/

ZnO/A½03 methanol synthesis catalysts which differ in the relative proportions of Cu, ZnO, and
AI203. $3-85 is the older catalyst; $3-86 replaced $3-85 as the preferred catalyst for the process
because it has shown a higher methanol synthesis rate for CO-rich syngas. The slurrying liquid used
was either Witco 70 or Penreco Drakeol I0, both of which are white mineral oils.

Premixed gases, supplied from cylinders or a tube trailer, were obtained from Air Products Specialty
Gases. Table A- I of Appendix A shows the nominal compositions for the syngas mixtures. The
gas compositions were chosen to simulate the bulk syngas product from various coal gasifiers,
including Shell, Texaco, and Dow. In addition, two high H2/CO gas mixtures were used. One
mixture simulated the shifted syngas from the' Great Plains gasification facility. The composition of

the other high I-_CO mixture, designated :'balanced" gas, was such that I-_(CO+1.5CO2)=2,
thereby having hydrogen and carbon oxides present in stoichiometric proportions for methanol
synthesis from CO and CO 2. Also, additional syngas mixtures were used, the compositions of which
simulated the removal or addition of CO 2from the basic syngas matrices shown in Table A-1. In
some experiments using the $3-85 catalyst, H20 was added to the feed. The trace components
usually present in actual coal gasifier product streams, e.g. sulfur compounds, were not present in
these gas mixtures.

Experimental Apparatuses:

The data which comprise the' data bases were obtained using three experimental apparatuses. A flow
schematic for a typical apparatus is shown in Figure 1. The reactors used were stirred autoclaves,
manufactured by Autoclave Engineers, with internal volumes of 50cc, 300cc, or 1000ce. Feed gas
from cylinders or a tube trailer was compressed by a gas booster pump. Gas flow rate to the reactor
was controlled by an electronic mass flow controller. The vapor product stream was passed through





a gas-liquidseparatortoremoveentrainedandvaporizedoilfromthereactor.The gas-liquid
separator,theheat-tracedlinesdownstreamofthereactor,andthelinetothegaschromatograph . .

weremaintainedata temperaturesufficienttopreventthecondensationofproductCI-I3OH. Reactor
pressurewas regulatedbymeans ofabackpressureregulatorandproductgasflowratewas
measuredusinga wettestmeter.

Forsome oftheexperiments,I-_Owas addedtothefeedassteam.Thiswas doneusinga syringe

pump whichinjectedliquidI--120toafccdprchcaterlocatedimmediatelyupstreamofthereactor
inlet.The feedprcheatcr,anelectrically-heatedvesselpackedwithbrassmachinescrews,vaporized

theinjectedliquidI--120intothefeedga._stream.

The influenceofmass transferonthemeasuredmethanolratewas shown tobenegligibleby

observingtheeffectofstin'crspeedon therateforeachreactor.The resultsofthesemeasurements
indicatedthat,forallthreereactorsizes,mass transferinfluencewas negligibleforstin'crspeeds

greaterthanorequalto1200rpm. A stirrerspeedofatleast1200rpm was u_cdforallofthedata
inthedatabases.Sincemasstransferlimitationsarenegligible,theautoclavereactorsareregarded

ascontinuousstin'cdtankreactors(CSTRs).Thus,thegasphasecompositioninthereactor,which
isequaltotheeffluentgascomposition,determinestherateofmethanolsynthesis.Infittingthe
experimentaldata,theobservedmethanolrateswereregressedon thereactoreffluentfugacities
calculatedfromeffluentconcentrations.

Feed and product gas compositions were measured on-line by a GC equipped with thermal

conductivity detectors. Since the GC columns used did not perform well for I-_O at low
concentrations, accurate quantitative analysis for 1-120was not possible. Thus, reactor effluent water
concentrations are not, unfortunately, included in the data base. Water concentrations were
calculated by assuming that the water-gas shift reaction was at equilibrium, as will be discussed
later.

Data Bases:

TablesA-2 and A-3 ofAppendixA aresummariesofthelaboratoryautoclavedatabasesusedinthe

modeldevelopmentforthe$3-85and $3-86catalysts,respectively.Briefstudyofthelimitedrange
ofreactionconditionsinthesedatabaseselucidatesthefactthattheexperimentswerenotchosenfor

thesolepurposeofdevelopingaratemodel.Infact,mostofthedatawe_ obtainedusingpractical

conditionsoftemperature,pressure,flowrate,andgascomposition.Practicalconditionsspana
somewhatlimitedrangeofconditions,makingitmoredifficulttoadequatelytestthevalidityofa
model.Of course,a modelwhichaccuratelydescribesallpracticalconditionsisobviouslyvery
useful.

For the $3-85 catalyst, the majority of the experiments were done using the Texaco gas matrix.
Limited data for "balanced" gas and ShclJ _as are also included. The overwhelming majority of this
data was obtained using a reaction temperature of 250°C and reaction pressure of 52.02 atm

(750 psig). Thus, the $3-85 data base is somewhat limited in scope. Most of the Texaco gas data
was obtained during the study of the effects of CO2 in Texaco gas, Subtask 3.2 of the current DOE
contract. Much of this data was obtained using a gas-hourly space velocity (GHSV) of 5,000 or

I0,000 std.lit./kg-hr. The rightmost column of Table A-2 indicates the feed CO 2 and/or 1-120levels
for e×penments in which these levels wen vaned from the basic syngas _m__a_x_!_ntotal, the $3-g5

II data base consists of 128 observations at 84 different conditions. The portion of the data base which
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.includes runs at 250°C consists of 112 observations at 69 different conditions of feed gas
composition and GHSV.

In contrast to the $3-83 data base, the $3-86 data base spans a considerably broader range of
conditions and is not as concentrated on the Texaco gas matrix. Table A-3 shows that the
experimental runs are fairly evenly divided among the Texaco, Dow, and Great Plains gas matrices.

• Broader ranges of GHSV and pressure are also a feature of the $3-86 data base. The inclusion of

extensive runs on Great Plains gas, including the effect of feed CO 2,enables the fitting and testing
. of models at I-_-rich feed conditions. However, in contrast to the $3-85 data base, the $3-86 data

base does not include any runs in which I-I20 was added to the feed, nor does it include any data on
the very CO-rich Shell gas. In total, the $3-86 data base consists of 85 observations at 57 different
conditions. The portion of the data base which includes runs at 2500C consists of 61 observations at
52 different conditions of feed gas composition, pressure, and GHSV.

Calculations:

To enable the developed rate models to be applicable over the broadest range of reaction conditions
possible, gas phase fugacities were used in the rate expressions instead of partial pressures. This
required the conversion of measured reactor effluent mole fractions and reactor total pressure to
fugacities for each experimental run. To do this for each data base, the relevant data were
assembled into a PC-based ASCII file. The necessary data for each run for this conversion to

fugacity included the temperature, total pressure, outlet mole fractions of H 2, CO, CO 2, CI-_OH, and
inerts (CH4+N2), and methanol rate. These data were transferred serially to a file on the Air
Products mainframe computer. There the data were used by a Fortran program that calculated

normalized mole fractions, I-_O concentration by water-gas shift equilibrium, and, finally, fugacity
coefficients and fugacities. The determination of fugacities was done using an Air Products
proprietary subroutine which uses the modified Redlich-Kwong equation of state with
experimentally determined parameter values. The resulting fugacities were serially downloaded
from the mainframe to an ASCII format file on the PC.

For each data base a file was assembled which contained, for each run, the observation number,

measureti methanol rate, data weight factor, and fugacities of I-I2, CO, CO 2, and CI-I3OH. The data
weight fact:)r is an input to the non-linear regression package and was used to assign relative
importance to ',he square of the residual calculated for each observation. If the data weight factor is
1.0 for ali observations, each is weighted equally. Assigning a value of less than 1.0 puts less
significance on that observation for the regression. Data weight factors of less than 1.0 were used in
the $3-85 data base for runs using Texaco gas at 250°C and 5,000 and 10,000 GHSV, because these
conditions were repeated many times experimentally.

A non-linear, least squares regression routine in SAS was used for the data regressions. An example
SAS program listing is shown in Appendix B. SAS was run on a Compaq Desk-pro 286 equipped

" with a math coprocessor. The data flies containing the fugacities for each data base were converted
into SAS datasets and used as input to the regression routine. Either the Marqt)ardt or modifed

. Gauss-Newton iterative methods were used in minimizing the residual sum of squares. The residual

sum of squares, or sum of the squares of the errors (SSE), is defined as:

SSE = _i(predicted ratei- measured ratei)2.



For each regression, specification of initial parameter estimates and the partial derivative of the rate
expression with respect to each parameter were required. The version of SAS used (version 6.03)

•was quite interactive and allowed for real-time observation of the convergence process. This way
the iterations could be stopped ff the search was headed toward unrealistic values of the parameters
or got "bogged down". Convergence time was a function of the quality of the initial parameter
estimates, but, for fairly good guesses, a typical 6-parameter rate expression required S-10 minutes
to converge. The results of the regression were transferred to a spreadsheet where plots that
compare measured and predicted results were generated.

RESULTS AND DISCUSSION

I. Basis for Modeling:

In the development of rate expressions, emphasis was on those derived from assumed sequences of
elementary steps, rather than empirical mathematical expressions. The assumed reaction
mechanisms were meant to be consistent with published aspects of the chemisorption of the reacting
species, observations of surface intermediates, and isotopic tracer studies. Also, investigations of
the effect of reaction conditions on experimentally measured methanol rate from the published
literature and from work done in Air Products laboratory, was used as additional guidance in
developing rate expressions.

Previous published work provides some guidance in terms of probable reaction mechanisms.
However, much controversy exists in the literature regarding the source of carbon, whether CO or

CO 2, in methanol synthesis from CO/CO2/H 2 mixtures. Some authors have speculated that methanol
is formed largely from CO, while the primary role of CO 2 is to maintain the catalyst in the most
active state (i_). Other authors believe that the primary carbonaceous reactant is CO2C3"_).For
example, workers at ICI have recently presented some rather compelling experimental evidence that

methanol is formed directly from CO 2 (s.+),at least under the reaction conditions used in their studies.
Indeed, other investigators believe that both CO and CO 2 hydrogenation are Idnetically important in
methanol synthesis c7-i_).Though universal agreement does not exist regarding the primary carbon

source, _eneral agreement exists that the presence of some CO 2is necessary to achieve high
methanol synthesis rate. In addition, the water-gas shift reaction is importar)t under methanol
synthesis conditions and frequently complicates the interpretation of experimental results.

Noteworthy is the fact that many of the studies referred to above involved met.hanol synthesis from

H2-rich syngas, i.e., syngas representative of that obtained from steam-methane reforming (SMR).
The syngas obtained from the gasification of coal is typically much richer in carbon oxides,
especially CO. Thus, the relative importance of CO and CO 2 as carbon sources may be different for
coal-derived, CO-rich gas than that for SMR-derived syngas.

In view of the above, the present work is focused on rate expressions derived from reaction
mechanisms in which methanol is formed from both CO and CO 2 hydrogenation. This generality
will allow the data fit to decide which route allows for a better description of the experimental data.

However,acautionarynoteisrequiredhere.The validationofa reactionmechanismby means of '

bestfitrateexpressionsistenuous,atbest.Inotherwords,ifaratemodelfitsthedatabest,this

alonedoesnotprovidesufficientevidencethatth'_modelisaccurate.Thisisnuc largelybecause
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vastly different reaction mechanisms may yield very similar rate expressions. Other corroborating
experimental and, perhaps, theoretical evidence is required to adequately validate a reaction
mechanism. ' ..

AssumingthatmethanolisproducedfromCO andCO 2hydrogenation,therelevantstoichiometric
equationsare:

CO + 21-I2<--==> CI-I3OH [1]

CO 2+ 31-I2<----> CPsOH + I-l:O [2]

Occurring along with these reactions is the water-gas shift (WGS) reaction:

co+H:O<----> +Ii [3]

Notethatonlytwo ofthesethreeequations[1-3]arcalgebraicallyindependentbecauseeachcanbc
writtenasalinearcombinationoftheothertwo.

Inthepresentwork,thedevelopmentofrateexpressionsfromassumedsequencesofsurface
reactionstepshasbeendoneusingstandardLangmuir-Hinshelwoodkinetics,probablythemost
commonly usedtechniquebecauseofitsrelativesimplicity.A numberofsimplifyingassumptions

areintrinsicinanalysisbytheLangmuir-Hinshelwoodmethodinordertomake thederivation
mathematicallyu'actableandproduceanexplicit,analyticexpressionfortherate.As areview,

some oftheassumptionsinherentinthistechniquearc:

(1) The reactants,intermediates,andproductsadsorbondiscrete,energetically
homogeneoussimson thesurfaceofthecatalyst.

(2) Chemisorptionisconfinedtoamonolayer.

(3) The fractionalcoveragebyreactionintermediatesisnegligiblereladvctothecoverage

' byreactantsandproducts.

(4) One stepinthereactionpathwayistherate-determiningstep(RDS).

(5) Stepsinthereactionpathwaywhicharenotratelimitingareatequilibrium.

The Langmuir-Hinshelwoodtreatmentgenerallyproducesa fractionalrateexpressionintermsofthe

partialpressuresorfugacitiesofthereactantsandproducts.The numeratorhasaforwardanda
reversereactionterm,whilethedenominatorconsistsofa sum ofadsorptiontermsforthel'eactants

andproducts.The assumptionofaparticularRDS influencestheformofthenumerator.The
denominatorisdictatedentirelybythechemisorptionofthereactantsandproductsandisnot

influencedby theRDS, providedtheadsorptionofareactantordesorptionofa productisnotthe
+ RDS.

i 7



As mentioned earlier, the majority of the experimental observations in the $3-85 and $3-86 data
bases were done using a reaction temperature of 250°C. In fact, relatively few runs were done at
temperatures other than 250°C, especially for the $3-85 data base. In view of this, the work here
was confined to the development of rate expressions for methanol synthesis at 2500C. However, as
will be apparent in the derivation of the models, each parameter is typically a product of rate and
adsorption equilibrium constants, both of which a__ exponential functions of temperature. Thus, a
rate expression explicit in temperature would have twice the number of parameters as the isothermal
one. The determination of the additional parameters for the non-isothermal rate expressions had to
be left to future work.

Ranking of the quality of the rate expressions was done by considering two basic criteria. Firstly,
the sum of uhe squares of the residuals was used to judge the quality of the fit. Secondly, the rate
expressions were judged in their accuracy in describing experimentally observed trends, for

example, the effect on the methanol rate of gas-hourly space velocity (GHSV), feed CO 2 content,
etc.

The results will be presented in three parrs. First, the development and testing of rate expressions
for the $3-85 data base will be discussed. Second, experimental results which expanded the data

base for $3-86, consisting largely of additional runs for the I-I2-rich Great Plains gas matrix, will be
presented. Third, and perhaps most importantly, modeling of the $3-86 data base will be discussed.
As mentioned previously, the $3-86 data base is distributed more equitably over a broader range of
gas composition, gas-hourly space velocity, and total pressure than the $3-85 data base. Thus, the
$3-86 data base provides a much more demanding test of a general model. In fact, rate expressions
which best fit the $3-85 data base are not the best for the $3-86 data base.

II. Modeling of $3-85 Catalyst Data Base:

Rate expressions were derived primarily by using variations of the basic reaction mechanism of

Graaf et al. (9). Graaf et al. have assumed that CO and CO2 are hydrogenated in parallel on the
surface. Hydrogenation of each takes piace by simple, stepwise addition of hydrogen atoms, formed

by the dissociative adsorption of I/z, until gaseous product ClahOH is produced. Graaf et al. have
also assiamed that there are two types of sites: CO and CO 2 adsorb competitively on site 1 (denoted

sl), while I-I2and I-I20 adsorb competitively on site 2 (denoted s2). The adsorption of product
CH3OH is assumed to be negligible. So, the first steps in this mechanism are the adsorption of CO,
CO 2, and I-I2:

CO(g) + sl = CO-sl [4]

CO2(g ) + sl = CO2-s1 [5]

H2(g) + s2 = 2H-s2 [6]

Methanol is produced from CO by stepwise hydrogenation:

CO-sl + H-s2 - HCO-sl + s2 [7]

HCO-sl + H-s2 = I-l_CO-sl + s2 [8]
I'-_CO-sl + H-s2 = I-I_CO-sl + s2 [9]
I-I3CO-sl + H-s2 = CI-I3OH(g) + sl + s2 [10]

II s



In parallel, methanol is also produced from CO2, by stepwise hydrogenation:

CO2-s 1 + H-s2 = HCO2-s 1 + s2 [11]
HCO2-sl + H-s2 = I-I2CO2-s1 + s2 [12]
1-12CO2-sl+ H-s2 = I-I_CO2-sl + s2 [13]
1-13CO2-s1 + H-s2 = I-I2CO-sl + I-_O-s2 [14]

P

I-I2CO-sl + H-s2 = I-I_CO-sl + s2 [15]
. I-_CO-sl + H-s2 = CI-I_OH(g) + sl + s2 [16]

I-I20-s2 = H_O(g) + s2 [17]

Graaf et al. have also considered the kinetics of the water-gas shift reaction. As mentioned earlier,
for the present work, lack of experimental measurements of exit water concentration made
regression on the rate of water formation impossible. Instead, the water-gas shift reaction was
assumed to be at equilibrium in the present work and the water concentration was calculated using
this assumption.

Graaf et al. derived Langmuir-H.inshelwood rate expressions for methanol synthesis from this

mechanism (9). The hydrogermtion of CO and CO 2 w,-,re assumed to occur independently but in
parallel, even though some of the elementary reactiot_s are the same. Thus, CO and CO2
hydrogenation each yield a term in the rate expression, but share the same denominator. The
numerator terms, or "driving force" groups, for each term depend on the choice of RDS. The
assumed RDS and corresponding driving force group appearing in the numerator of the rate

expression for CO and CO 2 hydrogenation are:

CO Hydrogenation
RDS Driving Force Group

[7] fcofm 'a "'K f 3t_,,"fcmo./t. m '

[8] fcofm - fcmon/(K, fm)

[9] fcofm3_" fcmorr/(K.fra'n)

[10] fcofm 2- fcmorr/(K,).

C02 Hydrogenation
RDS Drivil_g Force Group

f --- f 5t2_[11] fco2fm'n" fcmoa mo](l_ n2 )

[12] fco2fm - fcmoHfmo/(K2fm2)

[13] fco2fm:'a- fcmorrfmo/(I_fm3a)

[14] fco2fm2- fcmo.fmo/(I_fm)
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Here, K and I_ arc the equilibrium constants for reactions [ I] and [2], respectively. The

denominator, or adsorption terms, for the rate expressions are (I +Kcofco+Kcmfco2) for site sl and
(I +Kmlafm1_+K.mofmo ) for site s2. These terms ar_ a product in the denominator of the rate
expression since each possible RDS involves parfic'_ation of sl and s2.

Rate expressions from the mechanism of Graaf ct al. were fit to the $3-85 250°C data base. Before

fitting the data base, the expression fmo=fco2fm,/(Kwosfco) was used to eliminate fmo in the rate
expressions to reflect the assumption of equilibrium for the water-gas shift reaction. Use was also
made of the fact that I_=Kl/xwcs.

The best fit for the Graaf et al. mechanism was obtained for the rate expression derived assu_ning
that step [9] for CO hydrogenation and step [12] for CO 2 hydrogenation are the RDSs for methanol
synthesis. In addition, the regrvssions showed that two parameters could be eliminated with

negligible effect on the data fit because Kcofco+Kco2fcm >> I and Kmlr_fmlr_+Kmofmo >> I in the
denominator, that is, vacant sites are negligible. Thus, the number of adjustable parameters in each
rate expression was reduced to four. This model, designated A3-C2, is shown in the first line of
Table I. Model A3-C2, with the best-fit parameters shown in Table I, has a residual sum of
squares of 1,170 gmol/kg-hr, which corresponds to an average absolute error of 13.8% per
observation. The absolute error for an observation is defined as the absolute value of

100%x(predicted rate = measured rate)/(measured rate).

Also shown in Table 1 is another model, $3-T2, which fits the data base slightly better than model
A3-C2. Model $3-T2 was derived from the same basic mechanism as A3-C2, with some important

differences. Instead of CO and CO 2 adsorbing on the same site, each adsorbs on separate sites. In
addition, _ adsorbs dissociatively on each of these sites. Stepwise hydrogenation occurs on each
site through the same intermediates as model A3-C2. Model $3-T2 yields a residual sum of squares
of 1,030 gmol/kg-hr, corresponding to an average absolute error of 12.9%.

For comparison, also shown in Table 1 is model W1, previously proposed as a viable rate
expression. As can be seen, model W1 results in a much worse data fit than either A3-C2 or $3-T2,
with a residual sum of squares of 5,697 grnol/kg-hr and average absolute error per observation of

31.2%. The lack of fit is not surprising since model W1 has no CO 2dependence.

Model $3-T2 was the best model found for the $3-85 data base. A compilation of the reactor exit

concentrations and calculated fugacities of I-I2, CO, CO 2, and CI-_OH, the measured rate, the
predicted rate, the residual, and the prediction error is shown in Table B- I of ,__ppendix B.

The following are some comparisons between measured and predicted methanol rates for model $3-
T2. Note that the predicted rates arc based on fugacities calculated from the measured reactor exit
gas composition and total pressure for each run. A parity plot for this model is shown in Figure 2.
Scatter about the 45° line is fairly uniform. Shown in Figures 3-10 are comparisons between
measured and predicted rate trends. Figures 3 and 4 show the effect of CO 2concentration in the
Texaco gas matrix at 5,000 GHSV and I0,000 GHSV, respectively. Good a.m'eement between
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FIGURE 2

PAR ITY PLOT

0
0 10 20 30 4.0 50

Measured Rate (gmol/kg-hr)

12



Rate vs. Exit CO 2 Concentration
" Texaco Gas, 5.27MPo, 5,000 GHSV

Catalyst: BASF $3-85 Model: $3-T2 (250°C)
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FIGURE 4

Rate vs. Exit CO 2 Concentration
Texaco Gas, 5.27MPa, 10,000 GHSV

Catalyst: BASF $3-85 Model: $3-T2 (250=C)
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measured and predicted is observed; as expected from the form of the rate _pression, the model
quite adequately predicts the trend. Figures 5 and 6 show measured and predicted rates for 1-120

feed addition to Texaco gas with 0 tool% feed CO 2 at 5,000 GHSV and 10,000 GHSV, respectively.
At 5,000 GHSV, it appears that the predicted increase in rate with 1-120addition is steeper than that
measured. Figures 7 and 8 show measured and predicted rates for I_O addition to Texaco gas with
13 tool% CO 2. At 10,000 GHSV, the model predicts a slight increase in rate with 1-120addition,

• while the experimental results indicate the opposite. Measured and predicted rates for I-_O addition
to the Shell gas matrix at 5,000 GHSV and I0,000 GHSV are shown in Figures 9 and 10,
respectively. Again, at I0,000 GHSV, the model predicts a steeper rise in rate with increased feed
H20 concentration. The rate is somewhat overpredicted at 5,000 GHSV across the range of feed
H20 concentration.

Some important points regarding characteristics of the data base which affect the quality of the fit
for model $3-T2 are worth mentioning. First, the approximate measurement accuracy and
reproducibility for a particular observation is approximately 5%. Thus, a model is not expected to
have a prediction accuracy greater than this. Second, the data base consists of data obtained for
various times on stream and reaction histories. Some deactivation of the catalyst was observed

during the typical time on stream (generally a few hundred hours). Typically, the catalyst would
deactivate by 5% before being taken off line. No attempt was made to correct the data for
deactivation, nor was there any attempt to account for deactivation in the model. Finally, the rate
expression $3-T2, because of its mathematical form, is particularly sensitive to errors in gas
composition measurements (fugacities). This can be understood by considering the "driving force"
terms in the numerator of the rate expression. Each driving force term consists of a forward and
reverse reaction term. For a large fraction of the different reaction conditions in the data base, the
methanol synthesis reaction is fairly close to equilibrium. Typically, the difference between the
forward and reverse terms is ce,nparable in magnitude to each of the terms. Thus, small gas

composition measurement error, particularly with I-_, may cause larger amplitude errors in the rate
predictions.

With the above points taken into account, a large fraction of the average absolute prediction error of
12.9% for model $3-T2 can be attributed to the characteristics of the data base. However, it is

important to note that some trends, including the effect of feed H20 addition, are not accurately
predicted. This probably means that the model needs improvement and is an oversimplification of
reality. Certainly the basic Langmuir-Hinshelwood treatment is intrinsically a simplification.
Another possible deficiency of the model is the assumption of water-gas shift equilibrium. Though
the $3-85 methanol catalyst is very effective in catalyzing the water-gas shift reaction, the

possibility exists that even a small deviation from equilibrium may have a large effect on the
methanol rate. In fact, the lack of accuracy in predicting the effect of feed 1-120addition may very
well be attributed to this. Further work in model development may yield a better rate expression for

methanol synthesis on $3-85.

Hl. Expansion of the Data Base for $3-86:

In order to expand the $3-86 data base, while also obtaining important data on simulated Great
Plains gas, the effect of GHSV on CH3OH rate was measured for the I-_-rich Great Plains gas matrix
with 0.5 mol% and 5 tool% feed CO 2. The intent was to scan as broad a range of GHSV as practical



FIGURE 5

R(]te vs. Feed H20 ConcentrGtion

Texaco Gas with 0 real% Feed CO 2, 5.27MPa, 5,000 GHSV
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Rate vs. Feed H20 Concentration
• Texaco Gas with 0 mol% Feed CO2, 5.27MP0, 10,000 GHSV

Catalyst:BASF $3-85 Model: $3-T2 (250°C)
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FIGURE 7

RGte vs. Feed H20 ConcentrQtion
Texaco Gas with 13 mol_ Feed CO2, 5.27MP0, 5,000 GHSV '

Catalyst: BASF S3-85 Model: $3-T2 (250°C)
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FIGURE @

Rate vs. Feed H20 Concentration

Texaco Gas with 13 mol_ Feed CO=, 5.27MPa, 10,000 GHSV

Catalyst: BASF $3-85 Model: $3-T2 (250=C)
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FIGURE 9

Rate vs. Feed H20 Concentration
Shell Gas 5.27MPa, 5,000 GHSV

Catalyst: BASF $3-85 Model: 53-T2 (250=0)
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_IGURE i0

RGte vs. Feed H20 ConcentrGtion
' Shell Ges 5.27MPe, 10,000 GHSV

. Catalyst: BASF $3-85 Model: $3-T2 (250°C)
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inordertoprovidedesigndata,whileatthesame timeobtainingbroadrangedatathatwouldbca
criticaltestfora reactionmodel.

Figure11shows theeffectofGHSV on methanolrateat5.27MPa and250°C forGreatPlainsgas

with0.5mol% feedCO 2,thatis,no CO 2additionorremoval.The ratewas measuredatgas-hourly
spacevelocitiesrangingfrom5,000to25,000sid.lit./kg-hr.The methanolrateincreasedfrom 18
to38gmol/kg-hracrossthisrangeofGHSV. ComparisonwithdataobtainedforTexacogasatthe •
sameconditionsindicatesthatthemethanolrateisapproximatelythesame at5,000GHSV.
However,athigherGHSV, ratesobservedforTexacogasarehigher.At 10,000GHSV, theratcfor

Texacogasis32 gmol/kg-hr,whilethecorrespondingrateforGreatPlainsgasis25 gmol/kg-hr.

Figure12shows CI--I_OHrateat5.27MPa and250°C asa functionofGHSV forGreatPlainsgas
withCO 2addedtothefeedata levelof5 mol%. ComparisonwithdataofFigure11for0.5tool%

fccdCO 2indicatesthatCO 2additiondramaticallyincreasesthemethanolrateacrosstheGHSV

range.Forexample,atI0,000GHSV, theCI-_OHrateis62% higherfor5 tool%feedCO 2.

Figure13shows theeffectofGHSV forthe5 mol% feedCO 2GreatPlainsgasata higherreaction
pressure,7.34MPa (1050psig).ComparisonwithFigure12shows thathigherreactionpressure

increasestheCI-_OH rateacrosstherangeofGHSV. At 10,000GHSV, themeasuredCI-_OHrate
at7.34MPa is48.5gmol/kg-hrcomparedto38.2grnol/kg-hr,anincreaseof27%.

The effectofreactiontemperatureforthe5 tool%CO 2GreatPlainsgasat7.34MPa was explored
usinga GHSV of10,000std.lit./kg-hr.Figure14showsresultsobtainedfor235°C and255°C,in
additiontothe250°C data.The methanolratesmeasuredat235°Cand 255°C arcbothlowerthan

thatobservedat250°C.

The data from Figures 11-13 were entered into the $3-86 data base to be used in the model
development. The 235°C and 255°C data points were entered into the data base but were not used in
the model development since the data fits were confined to the 250°C data, as mentioned earlier.

IV. Modeling of S3-86 Catalyst Data Base:

Some ofthe more accurate rate expressions developed for the $3-85 data base were fit to the $3-86
data base. The best-fit parameters wcrc determined using the same technique as that for the $3-85
data base. However, the rate expressions which provided the best fit for the $3-85 data base,
yielded poor fits for the $3-86 data base. For example, Models A3-C2 and $3-T2, previously
identified in Table 1 in the discussion of the results for $3-85, gave poor fits of the $3-86 data base.
The best-fit residual sums of squares for Models A3-C2 and S3-T2 were 7,923 gmol/kg-hr and

6,603 gmol/kg-hr, respectively. Corresponding to these residual sums of squares are average
absolute cn'ors pcr observation of 34.3% for model A3-C2 and 26.3% for model $3-T2. Recall that
models A3-C2 and $3-T2 yielded average errors per observation of 13.8% and 12.9%, respectively,
for the $3-85 data base. The reason for the poorer fit for the S3-86 data base is probably because
the breadth of the $3-86 data base provides a much more discriminating test of the general validity "
of the model. These rate expressions may provide a good representation of a limited "CO-rich '_ data
base, such as that of $3-85, but arc quite deficient for the broader $3-86 data base, which includes

extensivc data for I--I2-richGreat Plains gas.

To find a better model, a variety of other derived rate expressions were investigated for the $3-86

_!! data base. Many of these rate expressions were similar to those investigated for the $3-85 data base.
22



FIGURE 11

CH30H Rate vs. GHSV
I

Great Plains Gas (0.5 mol_ CO2), 5.27MPa, 250°C

Cotolyst: BASF $3-86
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FIGURE 12

CH30H Rate vs. GHSV
Great Plains Gas (5.0 mol_ C02), 5.27MPa, 250°C

Catalyst: BASF $3-86
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FIGURE 13

CH30H Rate vs. GHSV
i

Great Plains Gas (5.0 mol_ C02), 7.34MPa, 250°C

Catalyst: BASF S3-86
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FIGURE 14

CH30H RGte vs. TemperGture
Great Plains Gas (5.0 mol_ C02), 7.34MPa, 10,000 GHSV

Catalyst: BASF $3-86
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For example, rate expressions were derived from the mechanism of Graaf ct al. _), like model A3-
C2, but with different RDSs and assumptions regarding the dominant adsorbed species. Also, rate

expressionsd_rivedassumingthatCO andCO 2arcstepwisehydrogenatedonseparatesites(like
model $3-T2)werefittothedata,alsowitha varietyofdifferentassumptionsregardingtheRDSs

andadsorptioncharacteristics.Noteworthyisthefactthat,ingeneral,rateexpressionsderived

assumingthatCO andCO 2am hydrogenatedon separatesitesfitthedatabasebetterthanthose
' derivedassumingthatCO andCO: archydrogenatedon thesamesite.However,thisfactbyitself

doesnotprovidesufficientevidencethattheactualmechanisminvolvesCO andCO: hydrogenation
on separatesites.The mason forthebetterfitsmay bepurelyaresultoftheparticularmathematical
formoftherateexpressions.

Anothernoteworthyreactionmechanismthatwas consideredinvolvestheformationofformate,a

speciesknown toexiston operatingmethanolsynthesiscatalysts,fromthesurfacereactionof

adsorbedCO and-OH. The formateintermediatethenundergoeshydrogenationtoCHaOH ina
seriesofsteps.The -OH intermediateiseitherpresenton theZnO surfaceorformedfromthe

hydrogenationof-O fromCO: dissociation.Langrnuir-Hinshelwoodrateexpressionsderivedfrom
thismechanismarequitesimilarinformtothoseobtainedfromtheabovementionedmechanisms.

Rateexpressionsderivedfromthismechanismdidnotfitthedatabaseaswellasthebestmodel
identified,whichisdiscussedbelow.

The bestmodel foundinthiswork,designatedXX 14and showninTable2,was derivedfromsame
basicmechanismasthatusedinthederivationofmodel$3-T2for$3-85.Recallthatmodel$3-'r2

was derivedfromamechanismwhichassumesthatCO andCO: arehydrogenatedinparallelon
separatesites.However,model XXI4 hasdifferentratedeterminingstepsanddifferentadsorption
characteristicsthanmodel $3-T2for$3-85."lhcdifferentRDSs resultindifferentnumeratorsinthe

Langmuir-Hinshelwoodrateexpression,whilethedifferentadsorptioncharacteristicsresultin
uniquedenominators.Specifically,formodelXX14, theadditionofthefirsthydrogenatomisthe
RDS forCO hydrogenationand theadditionofthefourthhydrogenatomistheRDS forCO:

hydrogenation.The adsorptionisassumedtobcsuchthatthemostabundantspeciesonthesitethat

CO ishydrogenatedareCH3OH, I-_O,andvacancies,whilethesiteon whichCO 2ishydrogenatedis
assumedtobcdominatedby CI-13OH,CO 2,andvacancies.The resultoftheseassumptionsisthesix
parametermodel shown inTable2. The best-fitresidualsum ofsquaresis2,083,correspondingto

anaverageabsoluteerrorperobservationof15.3%.

Also,shown inTable2 forcomparisonaretheresultsoffittingthe$3-86databasetorate

expressionsfromtheliterature.However,notethattheserateexpressionswerecastintermsof

fugacitiesandtheas,sumptionofwater-gasshiftequilibriumwas incorporatedasrequired.The
parametersintheserateexpressionsweremade adjustableandweredeterminedby thefit.The thr_e

rateexpressionsshown inTable2 wereselectedfromtheliteraturebecausetheyspecificallytake

intoaccounttheeffectofCO:. The modeldesignatedICLisanadaptationofthatofKlierctal.c2)
modelDI isdue toDybjaero:),andmodel RK isfromtherecentworkofRinkerctalczl).As canbc

seen,noneoftheseliterature.,'atcexpressionsfitthe$3-86databaseaswellasmodelXX 14.Model

DI,fromDybjacrctal,yieldedthebestfitfromtheserateexpressions,witha residualsum of

• squaresof4,583grnol/kg-hrandanaverageabsoluteerrorpcrobservationof25%.

Formodel XX14, a compilationofthereactorexitconcentrationsandcalculatedfugaciticsofH.2,

CO, COt,andCI-t,OH, themeasuredrate,thepredictedrate,theresidual,andthepredictioncn'oris

il shown inTableB-2 ofAppendixB. Figure15showsa parityplot,predictedvs.measuredCi-_OH
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FIGURE 15

- PARITY PLOT

Catalyst.: BASF 53-86 Model: XX14 (250°C)
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rate, for model XX14. The data are fairly evenly scattered about the 45* line. However, there is a
slight tendency for the model to overpredict the rate at low measured rates and underpredict the rate
at the high measured rates. This results from the fact that the model tends to predict a weaker
dependence of the rate on GHSV for the CO-rich gas matrices than that measured. This w',ll be
apparent in the discussion below of some of the other comparisons of measured and predicted rate.

Presented next are specific comparisons of measured trends and the corresponding predicted rates. •
Again, the predicted rates are based on fugacities calculated from the measured reactor exit gas
composition and total pressure for each experimental observation.

Figure 16 shows, for model XX14, the measured effect of GHSV on CH3OH rate and the
corresponding predicted rates for Texaco gas at 5.27 MPa. The measured effect of GHSV is much
steeper than that predicted by the model. Figure 17 shows the measured effect of GHSV and the
corresponding predicted rates for Texaco gas at 9.75 MPa. For this pressure, there is good
agreement between measured and predicted rate across the range of GHSV. The effect of GHSV on
measured rate for Dow gas at 5.27 MPa, along with the model predictions, are shown in Figure 18.
The predicted rates at low GHSV are generally slightly higher than the measured rates.

The effect of feed CO2 concentration on the measured rate for the Great Plains gas matrix at
5.27 MPa, along with corresponding predictions of model XX14, are shown in Figure 19. The
measured rate increases dramatically with increasing CO 2concentration level at the low feed CO 2
concentrations, but levels off at approximately 4-6 tool% feed CO 2. There are some deviations
between measured and predicted rate, but the predicted trend is fairly accurate. Figure 20 shows the
variation in rate with GHSV, both measured and predicted, for Great Plains gas with 0.5 mol% feed

CO 2 at 5.27 MPa. Good agreement between measured and predicted rate exists across the range of
GHSV. Figures 21 and 22 show the measured and predicted effect of GHSV for Great Plains gas

with 5 mol% feed CO 2 at 5.27 MPa and 7.34 MPa, respectively. Generally good agreement in the
trend exists, but there are significant deviations between measured and predicted for some
observations. The model tends to underpredict the rate, for ali observations, at the lower pressure of
5.27 MPa (Figure 22).

Some additional points regtrding model XX14 are worth mentioning. As indicated earlier, the
average absolute prediction error per observation for the entire 2500C $3-86 data base was
determined to be 15.3%. If the three runs with the highest error are not considered in calculating the

average error, the accuracy improves to yield an average absolute error per observation of 13.1%.
This is comparable to the accuracy for $3-T2, the model developed for $3-85, which had an average
absolute error per observation of 12.9%. This accuracy is quite good considering the effects of

experimental error, which were considered in the discussion of the $3-85 results. However, further
work would probably yield a more accurate rate expression for the $3-86 data base.

Also, an interesting point to consider is the relative kinetic contribution of CO hydrogenation

pathway and the CO 2 hydrogenation pathway to the observed CI-I3OH rates. This can be determined "
by calculating the contribution of each term in the rate expression. Recall that rate expression XX 14
is the sum of two terms (see Table 2). From the assumed reaction mechanism, the f'wst term

represents the CI-_OH formed from CO hydrogenation, while the second term represents CI-I_OH
formed from CO 2. The magnitude of each of thes_ terms was determined. For most of the
experimental conditions in the data base, these two ::erms are approximately the same magnitude.



FIGURE 16

• Rote vs. GHSV

Texcco Gas, 5.27 MPa

Catalyst: BASF $3-86 Model: XX14 (250°C)
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FIGURE 17

Rate vs. GHSV
Texaco Gas, 9.75 MPa

Catalyst: BASF $3-86 Model: XX14 (250°C)
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FIGURE 18

. Rate vs. GHSV
Dow Gas, 5.27MPa

l

Catolyst: BASF $3-86 Model: XX14 (250°C)
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FIGURE 19

RGte vs. Feed CO2 ConcentrGtion
Great Plains Gas, 5.27 MPa

Catalyst: BASF $3-86 Model: XX14 (250°C)
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FIGURE 20

Rate vs. GHSV

Great Plains Gas (0.5 mol_ 002), 5.27MPa

. Catalyst: BASF $3-86 Model: XX14 (250°C)
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FIGURE 21

Rate vs. GHSV

Great Plains Gas (5.0 mol_ C02), 5.27MPa

Catalyst: BASF $3-86 Model: XX14 (250°C)
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FIGVRE 22

Rate vs. GHSV

Great Plains Gas (5.0 mol_ C02), 7.34MPa

• Cotolyst: BASF $3-86 Model: XX14 (250°C)
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An exception to this is the runs on Great Plains gas with higher than 0.5 tool% feed CO 2. For these
feed conditions, the CO 2 hydrogenation term dominates and is typically an order of magnitude
greater than the CO hydrogenation term.

A final point worth mentioning is that the application of model XX14 to the $3-85 data base
unfortunately results in a very poor fit. The best fit of that data base yielded a residual sum of
squares of 2,708, corresponding to an average error per observation of 21.6%. Furthermore,
comparison of measured and predicted rate trends shows very poor agreement in general. The
reason why model XX14 does such a poor job in fitting the $3-85 data base is not immediately
clear.



SUMMARY AND CONCLUSIONS

Fundamental rate expressions for.methanol synthesis were developed to describe the BASF $3-85
and BASF $3-86 methanol catalyst experimental data bases. As part of this work, the BASF $3-86

experimental data base was also expanded with additional experimental measurements on the I-_-
rich Great Plains gas matrix. The principal results and conclusions of this work are:

1. Two data bases were constructed comprising ali of the laboratory experimental measurements
on the $3-85 and $3-86 catalysts. The $3-85 data base is largely concentrated on CO-rich,

• Texaco feed gas with very limited ranges of pressure and gas-hourly space velocity (GHSV).
By contrast, the $3-86 data base includes a much broader range of experimental conditions,
including wider ranges of GHSV, pressure, and gas composition. Thus, the $3-86 data base is
a more challenging test of a general rate model for methanol synthesis. Neither data base
included extensive runs done at temperatures other than 250°C. Therefore, rate expressions
were developed for meth_ol synthesis at 250°C.

2. The data bases for each catalyst were recast in terms of calculated fugacities of I-_, CO, CO 2,
and CI-_OH. The fugacity of product H.zO was estimated by assuming water-gas shift
equilibrium. The resulting 2500C data base for $3-85 consisted of 112 observations at 69
different conditions, while the 2500C $3-86 data base consisted of 61 observations at 52
different conditions. PC SAS programs were developed to regress the observed methanol
rates on the product fugacities and the best-fit models were deten,nined. Procedures were
developed to transfer the SAS data to a spreadsheet progTam where comparisons of predicted
and measured rate were generated.

3. A rate expression _as developed for the $3-85 data base using an assumed sequence of steps
and Langmuir-Hinshelwood kinetics. This rate expression, designated model $3-T2, was
derived from a mechanism in which CO and CO 2are hydrogenated in parallel on separate
surface sites by stepwise addition of dissociatively adsorbed hydrogen. The derivation of
model $3-T2 assumes that the rate determining steps are the addition of the third hydrogen
atom to adsorbed CO and the addition of the second hydrogen atom to adsorbed CO 2. The
resulting 4-parameter rate expression is:

(32cMoH)/ coco2/2
m .

2 2

This model yields an average absolute error per observation of 12.9%.
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4. A rate expression was developed for the $3-86 data base. After screening a variety of
mechanisms and combinations of rate-determining steps and adsorption characteristics, a
model designated XX14 emerged as the best fit. Like model $3-T2 for $3-85, XX14 was

also derived assuming that CO and CO 2 are stepwise hydrogenated on separate surface sites.
However, the rate-determining steps and adsorption characteristics are different than those for
model $3-T2. The rate determining steps are the addition of the first hydrogen to adsorbed

CO and the addition of the fourth hydrogen to adsorbed CO z. The resulting 6-parameter rate
expression is:

- _ 2 CN OH CO

-- 312 I b fH - _ J

b° _c°_"a Ksf. ] s _co , Ks_co ]
+

E " 2 2

+ b '"

1 + b 2fcHcN 3 fco /

This model yields an average absolute error per observation of 15.3%.

5. Three rate expressions obtained from the literature were also fit to the $3-86 data base for
purposes of comparison. Model XX14 fit the data much better than any of these literature rate
expressions.

6. The parameters in model XX14, the rate expression for $3-86, were made adjustable and the
model was fit to the $3-85 data base. The resulting fit was very poor, producing an average
absolute error per observation of 21.5%. The reason for the poor fit is not clear.

7. Investigations of various rate models for both data bases indicate that, in general, rate

expressions derived from a mechanism in which CO and CO 2 are hydrogenated in parallel on
separate sites fit the data better than those derived assuming that CO and CO 2 are
hydrogenated on the same site.

8. Because of the mathematical form of rate expressions developed for each catalyst, the

prediction accuracy is strongly influenced by the experimental accuracy in measuring reactor
exit gas composition. For example, small deviations in the measured I-t2concentration result
in much larger deviations in predicted rate. Thus, measurement error contributed significantly
to the calculated average prediction error.

9. The $3-86 data base was expanded with experimental runs on the Great Plains gas matrix.
The effect of GHSV on the methanol rate was determined for Great Plains gas with 0.5 mo1%

feed CO 2at 250°C and 5.27 MPa (750psig). In addition, methanol rate as a function of
GHSV was measured for 5 mol% feed CO 2 at 250°C and pressures of 5.27 M.Pa and
7.34 MPa. At fixed GHSV and 5.27 MPa, the methanol rate is much greater at the higher

feed CO zlevel. At fixed GHSV and 5 mol% feed CO z, the methanol rate is greater at the
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APPENDIX A



TAB LE A- 1

Syngas Mixtures

N0min61(_oml:_..sition(m01%)

Texaco 35 51 13 1 0

Shell 30 66 3 1 0

Dow 44 38 16 2 0

Great Plains 64.5 19 0.5 0 16

• Balanced" 55 19 5 21 0
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Program listing for SAS non-linear regression

/**/
/********\psas\xx14comm.sas***********/
/**/
libname save '\psas\';
/* *****Call non-linear regression procedure*****/
proc nlin

data=save.s386_250

method=marquardt;
/****Initial parameter estimates******/
parms b0=O to i by 0.5

bl=0 to i by 0.5
b2=O to i by 0.5
b3=O to I by 0.5
b4=0 to i by 0.5
b5=O to 1 by 0.5;

/****Define model*****/
ka=O.001802;
tl=(fH2**.5)*fCO-fCH3OH/(ka*fH2**l.5);
t2=(fH2**2)*fCO2-fCO2*fCH3OH/(ka*fCO);
t3=l+b2,fCH3OH+b3*fCO2*fH2/fCO;
t4=l+b4*fCO2+b5*fCH3OH;
model Rate=b0*tl/t3**2.0+bl*t2/t4**2.0;

_weight_=Data_wt;
/****Define parameter constraints****/
bounds bO>=0.0,

bl>=0.0,
b2>=0.0,
b3>=0.O,
b4 >=0.0,
b5>=0.0;

/****Partial derivatives w.r.t, parameters****/
der.b0=tl/t3**2.0;
der'.bl=t2/t4**2.0;
der.b2=-2,b0*tl*fCH3OH/t3**3.0;
der.b3=-2,bO*tl*(fCO2*fH2/fCO)/t3**3.C;
der.b4=-2*bl*t2*fCO2/t4**3.0;
der.bS=-2*bl*t2*fCH3OH/t4**3.0;

/*****Set up output**********/
output out=save.xxl46250 p=pred r=resid parms=b0 bl b2 b3 b4 b5

sse=sumsqs;

run;

/********Print results to screen********/
proc print data=save.xx146250;

title 'Model XX14 fit to All Data ($386_250)';
title2 ' '',

run ;
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