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DISCLAIMER

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

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.
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DIRECT SYNTHESIS OF 2-METHYL-1-PROPANOL/METHANOL FUELS AND FEEDSTOCKS

OBJECTIVES AND SCOPE OF WORK

The objective of this research project is to provide a technological
and scientific foundation for the synthesis of 2-methyl-l-propanol/methanol
fuels and basic chemicals from synthesis gas. These mixtures are excellent
high octane fuels, can be blended with hydrocarbon gasoline, have high
energy densities in the 2-methyl-l-propanol portion, and have synthesis
stoichiometries that can be adjusted to the various H2/CO ratios produced
by different gasifiers and feedstocks.

The two principal tasks involve the following lines of research:

(i) the development and optimization of Cs/Cu/ZnO support
catalysts wherein the cesium component provides a
very effective basic function that steers the synthesis
toward 2-methyl-l-propanocl, and
(ii) the development of a kinetic reaction network that will
be usable for reactor design, as well as for predictions
of reaction conditions that give rise to the required
2-methyl-1-propanol/methanol composition in the reactor
exit stream.
Auxiliary tasks of this research project that will utilize and build upon
the data and principles derived from the two primary tasks deal with
(iii) providing mechanistic input into the kinetic modelling
scheme based on experimental research using chemical
trapping of surface intermediates, isotopic studies,
and insitu infrared spectroscopy,

(iv) exploratory research into novel basic components,

consisting of aluminosilicates and amines, that promote
branching during carbon-carbon bond formation, and



(v) concurrent characterization of the catalysts by gaseous
chemisorption techniques and by utilizing the modern
techniques of HR-TEM, STEM, electron and X-ray diffraction,
X-ray photoelectron spectroscopy, and vibrational spectro-
scopies such as laser Raman microprobe spectroscopy.

SUMMARY OF PROGRESS

The purpose of the work described in this report was to characterize
in detail the promotional effect of Cs doping of the binary 30/70 Cu/ZnO
catalyst for the synthesis of methanol and higher alcohols. This was done
with the aim of laying a firm foundation for further studying the effect
of the addition of a fourth component, aluminum, to the catalyst composition
with the expressed aim of further increasing the catalyst stability under
higher alcohol synthesis conditions.

To accomplish the above task, the following parameters were studied
in detail:

(i) establish at what stage in catalyst preparation does Cs
doping best promote methanol/higher alcohol synthesis,
i.e. after calcination of the precursor aurichalcite to
Cu0/Zn0 or after reduction of Cu0/Zn0 to Cu/ZnO.

(ii) at what doping level is maximum catalytic activity observed
and is a shart maximum or a plateau observed in activity
vs Cs doping level. This latter point is important since
it will demonstrate whether or not the catalyst can be
over-~doped with Cs without the detrimental effect of loss
of activity.

(iii) examine the long term stability of the Cs/Cu/ZnO catalyst
under higher alcohol synthesis conditioms.

(iv) to characterize in detail the catalyst morphology including
catalyst surface area, crystallite sizes and the state of
Cs (location and the degree of dispersion) before and after
catalyst testing. This was done in an attempt to predict
the enhanced catalytic activity based on the location and
state of Cs on the catalyst surface.



In the present study the promotional effect of Cs was studied
under reaction conditions where mass and heat transfer within the
catalyst bed were not greatly affecting the overall reaction rate,
thus allowing the true measure of Cs promotion to be determined.

The products observed included methanol, methyl-formate, ethanol, and
traces of carbon dioxide, water, and methane. Although higher molecular
weight alcohols are the more desired products, analysis of the.Cl—C2
products formed does give a measure of the promotional effect for

methanol formation and also for C-0 (methyl-formate) and C-C (ethanol)
bond formation.

It was observed that methanol, ethanol, and methyl-formate synthesis
rates were dramatically increased by surface doping of both reduced Cu/ZnO
and calcined Cu0/Zn0 catalysts with CsOOCH. The promotion effect of Cs
on the synthesis rates of the individual products followed the order
ethanol>methyl-formate>methanol. Quantitative surface analysis showed
that the Cs was atomically dispersed, primarily over the ZnO phase. The
activity and selectivity of the catalyst was shown to be a function of
Cs coverage. The maximum promotion effect occurred at different Cs

coverages (0O for the different products, i.e. maximum methanol yield

Cs)

at o = 0.12, maximum methyl-formate formation at ©

= 0.19, and maximum
Cs

Cs
ethanol production at ®Cs = 0.31.

Part B of this report details progress iﬁ developing a simplified
high resolﬁtion analytical procedure for quantiatively determining the
alcohols, esters, and ketones formed during the synthesis of higher mole-

cular weight alcohols from synthesis gas. A method has been developed for

these analyses using a wide bore bonded methyl silicone capillary column.



TECHNICAL PROGRESS
A. Characterization of Cs/Cu/Zn0O Catalysts

EXPERIMENTAL

Catalyst Preparation. Catalysts having a composition of Cu/ZnO

equal to 30/70 mol% were prepared according to the procedures given
previously (1) The preparation included coprecipitation from nitrate
solution, stepwise calcination of the precipitate to 350°C, pellitiza-
tion of the Cu0/Zn0, and reduction of the catalyst in 2% H2/N2 at 250°C.
The catalysts were doped after calcination or reduction with CsOOCH
(Alfa Products) contained in an aqueous solution. The '"reduced-doped"
catalysts were prepared by removing the reduced catalyst (Cu/Zn0O) from
the reactor under N2 and adding 2.5 g to 25 ml of N2 purged CsOOCH
solution at 50°C. The solution was then evaporated to dryness under
flowing N2, and the resulting doped catalyst was transported under N2
into the reactor for activity testing. In this manner, reduced-doped
catalysts were prepared having a Cs concentration of 0.10 to 0.80 molZ.
"Calcined-doped" catalysts were prepared by doping after calcination
using the same procedure as described above. After doping, the catalysts
were transported in air into the reactor for reduction followed by
activity testing. Calcined-doped catalysts were prepared with 0.15 to
2.00 mol%Z Cs. The stock CsOOCH solution was analyzed by Galbraith
Laboratories, Inc. for elemental concentration, and 867 of the expected
Cs concentfation was found. The uncertainty in the Cs concentration in
the doped catalysts was + 0.05 mol%, as determined by comparisons between

the expected Cs/Cu/Zn concentrations and those obtained by Galbraith

Laboratories.



Synthesis Activities. The catalysts were tested in a fixed bed

flow reactor, which has been described in detail earlier (1). The
synthesis products were analyzed by an on-line Hewlett-Packard 5730A
gas chromatograph. Catalyst activities were determined at 250°C and
75 atm with a H2/CO = 70/30 vol% synthesis gas with GHSV = 5000 hr—l
(15 1/hr with 3.0 ml portions of catalysts). Additionally, the product
dependence on flow rate was determined using reactant gas flow rates from
2-40 1/hr at a temperature of 210°C, conditions which produced carbon
conversion to methanol from 2.5 to 37.5 molZ.

After activity testing, the used catalysts were taken out of the
reactor under N2 and immediately stored under vacuum without exposure to
air. The samples remained under vacuum until characterization studies

commenced.

Catalyst Characterization. Powder X-ray diffraction patterns were

obtained with a Philips XRG 3100 X-ray generator coupled with an APO 3600
control unit, using Cu Ka radiation. Scans.were conducted with a step

size of 0.01° in 20 and a counting time of 1.0 sec. The air sensitive
samples were loaded into an air-tight sample holder under N2, equipped
with a beryllium window. Particle dimensions were approximated using the
Sherrer equation (2) in the form of d = 0.89X/cos (wxz—woz), where 0 is

the Bragg angle, L the measured half-width, LR the instrumental half-
width, and A ;he X~ray wavelength, 0.15416 nm. For ZnO, the average
particle dimension from the {100}, {002}, and {101} reflections is reported

and for Cu the {111} reflection is given.
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Surface areas were determined by the BET method using argon gas.

Air sensitive samples were loaded under N2 into the testing apparatus,
evacuated overnight, and heated under vacuum for one hr at 110°C prior

to surface area measurement. The experimental uncertainty in the sﬁrface
area measurement was + 3%.

Surface analyses were performed in a Physical Electronics 548 X-ray
photoelectron spectrometer, having a Mg X-ray source. A 50 eV pass energy
and scan rate of 0.2 eV/sec was used in the required 20 eV range for
recording intensities of the Zn2p3/2, Cu2p3/2, and Cs3d5/2 photoelectron
lines. Signal averaging techniques were employed with the use of a
Nicolet computer, Model 1072, multichannel analyzer. Integrated intensities
were obtained with a Zeiss MOP-3 automatic integrator, and the background
intensity correction was determined experimentally from an undoped sample.
Quantitative surface analysis was accomplished using the method described

in the Appendix.
RESULTS

Catalyst Activities. Rates of methanol formation over calcined- and

reduced Cs-doped Cu/ZnO are shown in Figure 1. The different preparations
produced identically active catalysts. An enhancement of over twofold in
methanol yield was observed with a Cs concentration of 0.40 mol%. Increas-
ing the Cs up to 1.0 molZ had little effect, but at higher concentrations,
2.0 mol%, the activity decreased to 85% the maximum value. The synthesis
rates of ethanol and methyl-formate as a function of Cs concentration are

presented in Figure 2. A dramatic enhancement was observed for both products.
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Figure 1.

Yield of methanol as a function of Cs loading over
the calcined-doped and reduced~doped catalysts.
T = 250°C; Hp/CO = 2.333; P = 75 atmospheres;
Feed of CO + Hy = 15 Z/hr.
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Figure 2.

Yields of methyl formate and ethanol as a function
of Cs loading of the calcined-doped catalysts.
T = 250°C; Hp/CO = 2.333; P = 75 atmospheres;
Feed of CO + Hy = 15 I/hr.
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For methyl-formate, a plateau occurred in the synthesis rate with
approximately 1.0 mol% Cs, and for ethanol the yield continually
increased up to 2.0 molZ Cs.

The degree of methanol conversion as a function of reciprocal space
velocity (proportional to contact time) is shown in Figure 3. The linear
relationship over the carbon monoxide-to-methanol conversion range of
2-37.5 mol7%, indicates that the reactor was operating under differential
conditions in this range and that external mass transfer within the bed
was not greatly affecting the rate. Thus, under these conditions the
observed degree of conversion gives a direct measure of the reaction rate
and the promotion effect of Cs.

Catalyst Characterization. ZnO and Cu particle dimensions determined

by X-ray diffraction line broadening, and BET surface areas for the
calcined-doped catalysts are given in Table 1. A linear relationship
between the surface areas of the tested and untested catalysts was
observed, and is shown graphically in Figure 4. The surface area changes
in the doped tested catalysts were small, ranging from 37.8 m2/g for the
undoped catalyst to 32.4 m2/g for the 1.0 mol”% Cs sample. |

The tested and untested samples were analyzed for surface elemental
distribution using X-ray photoelectron spectroscopy (XPS), by the method
described in the Appendix. A representative spectrum of a tested calcined-
doped (0.4 mol”Z Cs) sample is given in Figure 5. The CsBdS/z, Zn2p3/2,
and Cu2p3/2vphotoelectron lines used in the analyses are identified.

In the analysis of the tested catalysts, elemental quantification
of surface Cs was accomplished by using the Zn atom intensity as an

internal reference. The Cu signal was not used because its degree of

-11-
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Figure 3.

Effect of reciprocal space velocity
for methanol formation over a 0.4 molZ
doped catalyst.
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Figure 4.

Relationship between the surface areas of the
Cs calcined-doped catalysts before and after
testing (Note: surface areas before testing were
measured after doping and before reduction)
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Figure 5.

XPS spectrum of a tested 0.4 molZ Cs calcined-doped catalyst
showing the Cu, Zn and Cs photoelectron lines.
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TABLE 1

Particle Dimensions of Zn0O and Cu and BET Surface Areas

of Calcined-Doped Catalysts

Catalyst (mol%) Dimension (nm)a Surface Area (mz/g)
Cs/Cu/Zn Zn0 Cu Untested Tested
0/30/70 13.3 9.3 41.0 37.8
0.15/30/70 13.9 9.0 46.1 37.8
0.30/30/70 13.9 9.3 43.1 36.3
0.40/30/70 13.8 9.0 44.6 36.0
1.00/30/70 13.8 10.3 42.1 35.3
1.00/30/70 14.4 9.9 36.8 32.3°
2.00/30/70 15.5 12.2 39.6 34.1

a

Particle Dimensions of tested catalysts

Surface Area of tested Cs/Cu/Zn = 1/30/70 molZ catalyst extrapolated
from Figure 4.

oxidation was unknown as a result of air exposure, and thus could not
be accurately quantified. The variance between the measured intensity
ratio of Cs to Zn and those calculated, assuming various Cs thickness
and location (over Cu or ZnO), are given in Table 2, where n equals the
number of Cs monolayer repeat distances perpendicular to the catalyst
surface and represents the degree of Cs agglomeration. The monolayer
thickness was taken as the sum of the Cs and oxygen ion diameters. In
the case with Cs over the ZnO phase, the variance is a minimum for the
n=2 calculation. The match is a result of the measured intensity being

13% less than that predicted for a monolayer.



TABLE 2a

X-Ray Photoelectron Data of Calcined-Doped Tested Catalysts

Catalyst (molé} ICS/IZn
Cs/Cu/Zn measured?
0.15/30/70 0.00596
0.30/30/70 0.0117
0.40/30/70 0.0217
1.0/30/70 0.0613
1.0/30/70 0.0762
2.0/30/70 0.1692
TABLE 2b

X-Ray Photoelectron Analysis of Calcined-Doped Tested Catalysts

. .., b
Variance to measured Intensities

Model =] n=2 n=3 n=4
Cs over Cu 0.0252 0.0330 0.0392 0.0447
Cs over ZnO 0.0117 0.0018 0.0119  0.0205
a

Integrated intensity ratio of the Cs 3d5/2 and Zn 2p3/2 photoelectron lines.

b n equals the number of Cs monolayers perpendicular to the catalyst surface.

U I



In the case of Cs over the Cu phase the best match between the
experimental and calculated intensities occurs with n=1, as shown in
Table 2. Comparison of the variances of the Cs over Cu model to the
Cs over the ZnO shows that the latter model better representé the Cs.
distribution over the catalyst surface. A plot of the measured inten-
sities and the best matched calculated values for the two models ié
given in Figure 6. Within the experimental uncertainty, Cs'is dispersed
over the ZnO. Additionally, the agreement between the measured and
calculated values, particularly at the higher Cs concentrations, shows
that the degree of Cs dispersion was independent of the bulk Cs concen-
tration.
Quantitative surface analysis of the untested duped samples was
not possible beéause the chemical state and morpholcgy of the Cu and
Zn surface components were unknown. This was indicgred by the XPS inten-
sity changes of Cu and Zn as a function of Cs conceptration, see Table 3.
The relative intensity ratio of Cu to Zn decreased with increasing Cs,
with the 2.0 mol% sample having a ratio closest to that of the undoped
sample.
The relative intensity ratios of Cs to Zﬁ and Cu, normalized to the
0.15 mol% Cs sample and corrected for the respective surface areas (Table 1),
are compared to the values expected for a linear increase with Cs concentra-
tion in Figure 7. The non-linear relationship for both Cu and Zn indicate
that the Cs‘is "covered" to a larger extent at the lower Cs concentrations.
This result is different from the linear relationship observed in the tested
catalysts, which indicates that rearrangement of the catalyst Surface occurred

during catalyst activation.
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Figure 6.

Comparison of the measured XPS intensity ratios of Cs
and Zn with those predicted for two separate models based
on Cs location and mode of surface coverage. n equals the
number of Cs-0 layers perpendicular to the catalyst surface.
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Figure 7.

Plot of the predicted intensity ratic of Cs to Zn and
Cu, normalized to the 0.15 mol”Z Cs sample, vs that observed
experimentally for the untested calcined-doped samples.
(Note: the differences in surface area were taken into
account).
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It was further found that the synthesis rates could be correlated
to the surface Cs coverage as determined by XPS. However, before this
can be done a reinterpretation of the surface analysis results of Figure 6
and Table 2b is necessary éo as to define the true Cs coverage. Comparison
of the measured and theoretical XPS intensities in the calcined-doped
tested samples showed that Cs dispersed over ZnO best represented the
catalyst surface. The intensity ratios of Cs to Zn were approximately

137 less than that expected for a Cs monolayer.

TABLE 3

X~-Ray Photoelectron Data of the Calcined-Doped

Untested Catalysts

Catalyst (mol%) Relative Intensitya
Cs/Cu/Zn Zn Cu Cs
0.15/30/70 100 44.8 0.457
0.30/30/70 100 42.5 0.657
0.40/30/70 100 21.8 0.972
1.00/30/70 100 22.9 2.95
1.00/30/70 100 23.8 4.45
2.00/30/70 100 21.5 15.30
0/30/70 100 18.5 0

a

Integrated intensities of the Zn 2p3/2, Cu 2p3/2, and Cs 3d5/2 photo-
electron line.

-0



The 137 intensity decrease was consistent for all Cs concentrations,
and therefore the cause of the decrease was systematic, and could have been
produced by one of the following: 1) the presence of a Cs bilayer approxi-
mately 1.2 nm thick, as discussed in the Appendix; 2) an additional
component preferentially covering the Cs monolayer, approximately 0.27 nm

thick, perhaps such as adsorbed C02, CO or strongly attached H,O or; 3) a

2
systematic error in the ancillary data, which could include uncertainties
in the escape depth, monolayver thickness of Cs or Zn, or in tﬁe photoioni-
zation cross section. An increase in the carbon or oxygen XPS intensity
was not observed, which rules out the presence of a contamination overlayer.
It is also unlikely that a consistently uniform bilayer would form indepen-
dent of the bulk Cs concentration. Further agglomeration would be expected
at the higher Cs concentrations, but this waé not observed. It is more
reasonable that a small systematic error arose from the ancillary data,

and that the Cs is atomically dispersed as a monolayer. Consequently,

the following analysis will be carried out on the premise that Cs is atomi-
cally dispersed. It is anticipated that this issue will be resclved in the
near future by the use of standards.

Combining the synthesis rate, catalyst surface area, and concentration
of atomically dispersed Cs, the specific activities per mzcat were determined,
and are shown in Figure 8. Promotion by Cs increased the specific activities
by over 2 for methanol, 5 for ethanol, and 7 for methyl-formate. The
specific activity per Cs atom is given by the slope of the curves, which
are markedly different for each product in two ways - the absolute quantitvy

and the range in Cs concentration in which the slope is constant. The

latter observation can be used to approximate the Cs coverage for which the

-21-
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Figure 8.

Plot of the specific activities of the calcined-doped
catalysts, expressed as yields per m“ of catalyst for methanol,
methyl formate and ethanol as a function of Cs atom concentra-
tion per m? of catalyst (calculated from XPS data). (Note:
reaction conditions were the same as for Figures 1 and 2).
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maximum promotion effect occurs.
The Cs coverage is given in terms of the ZnO surface area, as this
was shown to be where the Cs resides in the Cu/ZnO system. The coverage

is calculated from the relation, N, S /SZnO’ where N

csScs equals the number

Cs

of Cs ions, SZno the Zn0O surface area (see Appendix for calculation), and

SCS the Cs ion effective surface area taken as n(radius)2 with the ionic

radii of Cs, 0.167 nm (2). To aid in comparing the surface coverages,
the specific activities were normalized and plotted versus the Cs coverages,
and the results are shown in Figure 9. The maximum promotion effect occurred

with coverages up to O = 0.12 for methanol, O = 0.19 for methyl-formate

Co
and OCS = 0.31 for ethanol.

Co

The long term stability of one of the catalysts (0.4 molZ%) Cs/Cu/ZnO,
calcined-doped) was examined under higher alcohol conditions, the results
being summarized in Table 4. It is evident that after 300 hr of testing
the catalyst had lost about 357 of its initial activity. The higher alcohol
synthesis testing conditions are given in Table 4, and the degree of
deactivation was measured by changing the reaction condition to T = 250°C,
H2/CO = 70/30 and CO + H2 feed = 15 1/hr and comparing the activity with
that initially observed under steady state conditions. This was done since
previous studies showed that under these conditions the catalytic activity
could be related to the surface area and Cs coverage. After removing the
catalyst from the reactor it was found that the surface area had decreased

from 36.0 to 13.72 mz/g.

-7~
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Figure 9.

Plot of specific activities, vs the surface Cs coverage
over Zn0O, normalized for constant initial slope, for
ethanol, methyl formate and methanol.
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TABLE 4

Effect on activity* at 250°C after testing a 2.8 g
portion of a 0.4 molZ Cs/Cu/Zn0 catalyst for 300 hr
under higher alcohol synthesis conditions, where
testing conditions were: T = 310°C, P = 75 atm,

H2/CO = 0.45 and CO + H2 feed rate = 8 L/hr.

Time of Testing Mol7 conversion of CO
Before Higher Alcohol Testing 24,57
After Testing 16.0

*
Activities compared at T = 250°C, P = 75 atm, H2/C0 = 2.33 and

Feed = CO + H, = 15 l/hr.

Future Work

Work now in progress and future work will concentrate on the prepara-
tion of a stable Cs/Cu/Zn/Al catalyst. As in the case of the Cs/Cu/ZnO
catalyst the preparation will involve the synthesis of a single morphology
precursor followed by doping with Cs. In the case of Cu/Zn/Al the precursor
of choice is hydrotalcite HC, (Cu,Zn)6A12C03°(0H)l6-4H20. This precursor

compound has the following desirable properties:

(i) The HC precursor has been shown to be a suitable starting
material for making an active methanol synthesis catalyst (10,11).
(ii) Decomposition of HC leads to Cu/Zn/Al platelets with a very
high dispersion of the elements Cu, Zn and Al, a feature which is

considered very important in maintaining high catalyst stability.



(iii) Methanol synthesis promotion by Cs over Cu/Zn/Al Eatalysts
in the absence of CO2 or H20 has previously been demonstrated in
these laboratories.

(iv) The HC precursor is readily characterized by XRD, thus
allowing preparation reproducibility to be easily verified.
(v) Because of the unique structure of HC, its chemical composition
can be varied over a wide range:

HC = (Cuxan_x)6A12(CO3)(OH)16~4H20 .

0< —C%_ ¢ 0.5 and 0.24 < —2L_ ¢ 0.31 while still maintaining its
— Cu+Zn — - n+ —

Al+M
integrity.

Pure HC compounds have been prepared by coprecipitation at constant
pH (10,12) and this is the method of choice. Relatization of a continuous-
fixed pH-coprecipitation can be accomplished by the controlled mixing of
Na2C03 and the salts of Cu, Zn and Al. An apparatus has been especially
built for this purpose, equipped with high precision pumps to supply the
salts at fixed rates so that a constant pH is maintained (c.f. Figure 10).
As with the Cs/Cu/Zn0O catalysts, the aluminum-containing testing and untested

catalysts will be characterized by the full range of techniques available

at Lehigh including XPS, TEM, XRD U.V. reflectance/IR and BET.
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B. Analytical Gas Chromatography of Catalytically Generated Synthetic

Alcohol Fuels

The application of capillary gas chromatography as an analytical
procedure for the characterization of products generated from the higher
alcohol synthesis reactions is the subject of this report. Separations
of Cl through C4 products have primarily been achieved by using a 6' by
%“ diameter column packed with Porapak Q. The instrument used was a
Hewlett-Packard Model 5730A gas chromatograph equipped with an automatic
sampling valve and a thermal conductivity detector. Idenitifcation of
the components was based on the retention time of the unknown compounds,
and quantitative information was obtained with a Hewlett-Packard Model 3388A
integrator coupled to the GC. Complications arose when attempts were made
at separating the higher alcohol sfnthesis products, e.g. the CS’ C6’ and
C7 products, with the Porapak Q column. Peaks were observed to broaden
and overlap in this range for all conditions. Therefore, to achieve separa-
tion of the C5 and C6 products appearing in small amounts, possibly trace
quantities, three different capillary columns varying in degree of polarity
were tested to see which would give optimum separation and resolution of
the products. The three columns tested were [A] 30 m long by 0.32 mm I.D.
50% phenyl methyl silicone capillary column, [B] 26 m long by 0.33 mm I.D.
Carbowax capiliary column, and [C] a 60 m long by 0.75 mm I.D. wide bore
bonded methyi silicone capillary column. The columns were separately tested
and used in a Hewlett-Packard Model 5880A gas chromatograph with a flame

ionization detector. Also coupled to the GC was a Hewlett~Packard 5880A

series GC terminal integrator providing quantitative information by deter-



mining the areas under the peaks in the chromatograph.

Component identification was accomplished by using a retention index
system based on the retention times of pure standards. To optimize peak
resolution the following parameters were studied: column flow rate, aven
temperature programming, and sample dilution in various solvents. The
figures that follow show the results obtained with each column and the

influence of varying the above parameters.

Results

The selection of the appropriate capillary cblumn for the total
analysis of higher alcohol synthesis products began by first looking at
the chromatographs produced by the Porapak Q 6' column. In our previous
research, catalysts were studied with the primary emphasis on the methanol
regime, and Figure I shows the separation by the Porapak Q column of the
reaction products for methanol synthesis. The analysis became more complex
when studying the products of the alkali-doped catalysts as seen in Figure

II, where it is seen that the C, through C4 products can be resolved on

1
the Porapak Q column without much broadening or peak-overlapping. The
separation problem arose when products with a higher carbon number were
added to the feed gas to derive mechanistic data. Figure III shows the
chromatograph of higher alcohol synthesis products from synthesis gas with
2-methyl-l-propanol also being pumped with the feed. The peaks became
broad and overlapped to a large extent at retention times longer than that

for the 04 product. When the same product mixture was analyzed on the

wide bore methyl silicone capillary column shown in Figure IV-B, it was
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clearly seen how poorly the Porapak Q (Figure IV-A) actually resolved the
product components. Spiking the Porapak Q packed column led to erroneous
identification in the higher alcohol regions because, as Figure IV-B shows,
one broad peak in Figure IV-A is actually a combination of a few minor,

but vital, products needed for accurate mechanistic studies to be conducted.
Unless separation is complete, even the use of a GC/mass spectrometer will
give ambiguous identificatioms.

The chromatogram in Figure IV-B showed that the more efficient
separation of the complex higher alcohol product mixture required the smaller
diameter and longer column length of a capillary column for complete analyses
to be carried out. Three columns having different types of stationary phase
coating the capillary column were investigated with a view of providing
an optimum separation of all isomers present and also permit analyses of
samples with wide concentration ranges. Previously, carbowax columns have
been used for the separation of Cl--CS alcohols or mixtures of alcohols with
other low molecular weight compounds. The carbowax, because of its high
polarity, seemed to be a resonable choice for separation of alcohols, esters,
aldehydes, and ketones, so a 26m by 0.33 mm I.D. with a 1.4 um film thick-
ness was tested at various flow rates and different oven temperature programs.
The best separation obtained with this column was not good enough to resolve
the higher alcohol products, as Figure V demonstrates for the C5 and C6
regions. The column examined next was a 50% phenyl methyl methyl silicone
capillary column 30 m long by 0.32 mm I.D. with a 1.00 ym film thickness.
Various flow rates and a large temperature range were studied, and one of
the better separations of the complex higher alcohol mixture is shown in
Figure VI. Separation is very poor with peaks eluting from the column too

close together with overlap indicating complete identification and quanti-
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fication were once again not possible. The last column choice was a

bonded methyl silicone wide bore capillary column 60 m long by 0.75 mm
I.D.. This column is non-polar and generally permits elution of most
samples in order of boiling point and carbon number. This column, when
tested under varying flow rates and different temperature programs,
provided the desired separation and resolution of the higher alcohol
products as seen in Figure IV-B. The Cl through C6 regions have been
separated as indicated’by the labelled peaks in the chromatogram. A
complete identification of all the components in the mixture is shown

later in the report. The larger diameter of this wide bore methyl silicone
column also enabled large sample volumes to be injected and enables on-line
analyses to be conducted with the existing set up used for the<%" Porapak
Q column with minor alterations.

After selection of the methyl silicone column and an optimum tempera-
ture program were found, experiments were carried out to determine if
further resolution of the components could be obtained by utilizing different
solvents. Pentane and Haptane were compared to the original undiluted
higher alcohol sample, and Figure VII shows the sample in both solvents.
Pentane seemed to be the better of the two solvents because it eluted
before the C5 region, which prevents a possible overlap of so;vent peak
with a component as is the case with heptane obscuring 2-pentanol and 3-
pentanol. Pentane also enabled separation of components such as 2-methyl-
1-butanol aﬁd 2-methyl-1-butanol, where heptane only slightly separated

these two components with a lot of overlap of the peaks, which made quanti-

fication difficult. The same degree of resolution as obtained with the
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pentane solvent system was obtained from the pure sample with no solvent
added. This may be due to the fact that methancl and a few of the other
lower alcohols were present in such large amounts that they could act as
solvents for the other components of the mixture. This offered the choice
of using pentane as a solvent or simply analyzing the sample undiluted -
depending on the complexity of the sample and if on-line analysis were
used as opposed to manual injection.

Finally, injection conditions were varied to see if this could
improve the chromatographic separation. First a standard waé injected
with the injection port temperature at 220°C, Figure VIII, and then the
same standard was injected with the port temperature at 70°C, Figure IX.
The chromatogram of the sample injected at 220°C showed the presence of
a few small peaks, which were not present with the "cool on column
injection'" being used. These peaks may have been caused by fragments of
higher molecular weight components that decomposed under the high tempera-
ture conditions, or they may be due to molecular species formed by reactions
between some of the primary products. Therefore, cooler injection tempera-
tures were chosen to reduce error for quantitative analyses.

Samples were collected over a range of conditions on a standard
Cu/Zn/Cs catalyst to see if this capillary column was capable of separating
all higher alcohol products at extreme conditions where the most complex
product mixtures were produced. Figure X shows the product distribution
when the catalytic reactor was operated at 290°C. A sample was also

collected at a more severe condition of 209°C and it is seen in Figure XI
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Figure IX
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that the wide bore bonded methyl silicone capillary column was able
to separate higher alcohol products in the C5 and C6 region, making

this a suitable column for total analysis of higher alcohol products.

Summary and Conclusion

The results presented here indicate that a wide bore capillary
columnn with bonded methyl silicomne as the stationary phase was able to
separate and resolve the complex mistures of higher alcohol synthesis
products formed over the Cs/Cu/Zn0O catalysts. Optimum conditions were
found for the column's performance, and these conditions can be used
for quantitative analysis. Figures X and XI show ﬁhat alcohols, esters,
and ketones are major higher alcohol synthesis products. In order to
complete this quantiative analysis method, samples will be spiked with
known amounts of internal standards as references, and components will
be compared to the references to account for the flame ionization
detector's sensitivity to different components. The results will be
compared with GC-mass spectroscopy and Fourier Transform infrared

spectroscopy to eliminate any error in component identification.
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APPENDIX

Method for Calculating Surface Concentrations of Dispersed

Phases from XPS Intensities

Earlier we derived a method from Dreilings XPS intensity equations that
is useful for comparing surface concentrations of alkali metals doped onto
the surface of the Cu/ZnO catalyst (3). Inherent in the model was the
assumption that the alkali was atomically dispersed. This allowed the
approximation of the alkali XPS intensities to be independent of fhe escape
depth, an advantage when comparing many different compounds for surface
concentration. The model has been altered to allow the effects of alkali
agglomeration, dispersion as a function of composition, and location of
the alkali (over the Cu or ZnO phase) to be quantified.

The XPS intensity equations utilized to deﬁermine surface concentration
and morphology are based on the relations yy Dreiling (4). The system of
interest consists of a bulk substrate, i, covered with an overlayer, j,

of thickness z. The photoelectron intensities are given by equations A-1

and A-2,

- B - -
Substrate: Ii = (koixigAi/Ei)(exp z/gki) (A-1)
Overlayer: I, = (kch?gAj/Ej)(l-exp—z/g)\ p (A-2)

where k is an instrumental constant, o is the photoionization cross section,

g is the escape angular factor, XB is the atomic volume concentration, and
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A is the escape depth of photoelectrons of kinetic energy E. The
intensity equations contain the morphological information in the modify-
ing exponential terms, where exp—(z/gki) defines the attenuation of Ii
by the overlayer and (l-exp—(z/gAj)) the effect of overlayer thickness
on I,.

J

The bulk atomic densities are converted to surface densities by

xS _ tho

, Where t° is the monolayer thickness. The substrate intensity
in equation A-1 accounts for attenuation from a continuous overlayer,
while for partial coverages the effective overlayer thickness is defined

by t = zX?/Xi. Combining equations A-1 and A-2 with the above substitu-

tions results in the relation,

b ]

S
I, X o A E t l-exp-(z/gX.)
I S ( - )( - S gsJ ) (A-3)
i Xi oiklEJtJ exp-(sz/XigAi)

Equation A-3 gives the XPS intensity ratio of the overlayer to the
substrate as a function of surface composition, particle dimension of
the overlayer perpendicular to the substrate, and the degree of over-
layer coverage (by the effective overlayer thickness). Applications,
such as this, to determine particle sizes of dispersed phases have been

successfully accomplished (5,6).
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Application to Cs doped Cu/Zn0. The objective of the surface analysis

in the Cs/Cu/Zn0 system was to determine the dispersion of Cs as a
function of the bulk Cs concentration, and to establish if the Cs was
located over the Cu or ZnO phase. The approach was to compare the
measured intensity ratio of Cs to Zn with values calculated for various
surface morphologies.

In the case with Cs located over the Zn0O phase, equation A-3 is
used directly, where species j corresponds to Cs and i to Zn. Thus,

ng equals the number of surface Cs atoms, which is the total number of

atoms for monolayer, half for a bilayer, etc., and Xgn is the surface Zn

atom density and is equal to 1.1744 x 1019 SZnO’ with the quantity

9

1.1744 x 101 Zn atoms/m2 corresponding to the Zn surface density in the

-

ZnO (1010) crystal face, which is the predominant plane observed in these

catalysts (7), and SZno is the ZnO surface area. sZnO was determined

from the total surface area, in conjunction with the Cu and ZnO

SCat’

particle sizes (d), in the following way. 'The surface area ratio of Cu
to ZnO is proportional to the particle sizes by the relation, sCu/SZnO =

Cc( where C is a proportionality constant related to particle

dZnO/dCu)’

shape and the bulk concentration. From selective chemisorption studies

of Parris et al. (8), S. /S = (16 m2/g/(23 m2/g) = 0.6956 for the
Cu’ "ZnO

Cu/Zn0 = 30/70 mol% catalyst. Combining this result with the particle

sizes of a freshly reduced catalyst, C is found to be 0.4657 and SZno

is then calculated by S SCat/(l + 0.4657 d,,_./d The additional

Zn0 zn0’ ¢y’ -

ancillary date necessary for equation A-3 can be found in Reference 3,

1 c



except for the escape depth of Cs. To be consistent with the earlier
calculation of in, the relationship given by Chang was again used (9),

A= 0.2(E)1/2t°

, which for Cs equals 2.76 nm.

In the case with Cs located over the Cu phase, equation A-3 is used
without the substrate attenuation term. To demonstrate the sensitivity
of the XPS technique, examples of intensity changes resulting from
different surface morphologies shall be given. The intensities are
normalized to that calculated for a Cs monolayer over ZnO, see Figure A-1l.
The decrease in the intensity ratio for a Cs bilayer is 137, which could
be experimentally resolved. With larger particle sizes of the Cs phase,
the intensity change would be easily distinguished. The decrease in the
intensity ratio resulting from Cs over the Cu pﬁ;se is a function of the

bulk Cs concentration. For concentrations equal to or greater than

1 mol%, the effect is easily resolvable.
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