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Abstract

Ethyl ethanoate is produced industrially in a process that came on-stream in March 2003 using liquid ethanol as the feed. The catalyst
Cu/Cr03, and the reactor temperature was 473 K. The selectivity to ethyl ethanoate was 95%. Detailed kinetic and mechanistic studies
this process were conducted in a multipurpose microreactor system, using an on-line mass spectrometer controlled and interrogated by comj
Isothermal frontal gas adsorption chromatography experiments using ethanol as the adsorbate in the temperature range 300-473 K fpund tha
pulse was detected immediately after the ethanol contacts the catalyst. The fact¢vatiéd from the Cu/GiO3 catalyst at 300 K indicates that
the dehydrogenative adsorption of ethanol to form an adsorbed ethoxy specie€HeBl))] occurred on the Cu component of the catalyst.

A plot of the logarithm of the amount of Hevolved on adsorption against the reciprocal of the adsorption temperature gives an activation
energy to adsorption of 31 kJ mot. Temperature-programmed studies on the adsorbed ethoxy species showed that some of these ethoxy spe«
dehydrogenated at 425 K with a surface activation energy of 94 kdhtolform the adsorbed acetyl species (#0) ). The adsorbed ethoxy

and acetyl species combined on the surface to form adsorbed ethyl ethanoate. The ethyl ethanoate desorbed at a peak maximum tempera
680 K. Ammonia temperature-programmed desorption experiments produced a desorption peak #6RBIK, revealing the existence of a
strong Bronsted acid site on the surface of the@ar Thus the ethyl ethanoate desorbing at 680 K was bonded to the £y CFemperature-
programmed reaction (TPR) studies, in which ethanol was passed continuously over thgOgw&talyst while raising the temperature linearly

with time and monitoring the products of reaction continuously on the mass spectrometer, gave an overall activation energy of 9% mol
ethyl ethanoate formation, the same as that for the dehydrogenation of the adsorbed ethoxy species to form an adsorbed acetyl, suggestin
this might be the rate-determining step for the reaction. TPR studies of ethanol over unsupported polycrystalline Cu gave identical results to th
of the Cu/CpOg catalyst, confirming that Cu is the active component of the catalyst.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction cialised in which ethyl ethanoate can be synthesised without
the need of acetic acid or etharjal2]. In this process ethyl
Ethyl ethanoate is an industrially important bulk chemical€thanoate is synthesised from a liquid ethanol feed at liquid
hourly space velocities between 0.5 and2 bver a Cu/Cs03

used primarily as a solvent in the paints, coatings, and inks in- -
dustries. Itis produced commercially by one of three processeS2talyst at 493 K and 15 atmospheres. The selectivity to the

(i) esterification of ethanol by acetic acid, (ii) addition of ethenepmduﬁi etr;]yl ethar?f(.)ate. 595:/" : hanol . . he ad
to acetic acid, or (iii) the dimerisation of ethanol over CaO (the Unlike the esterification of ethanol by acetic acid or the ad-

Tischenko reaction). Recently, a new process has been commé%’:['on of ethene to a(':etlc.amd, bqth of which require the backup
of large petrochemical installations comprising hydrocarbon

crackers, steam reformers, methanol synthesis, and acetic acid
* Corresponding author. plants, the new process is stand-alone and can use ethanol
E-mail address: ken.waugh@manchester.ac(#C. Waugh). produced by fermentation from renewable feedstocks, such as
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sugar cane or corn. The process is highly tolerant of a wid2.1. Catalyst

range of impurities in the feed and thus can use inexpensive

grades of ethanol. Its only byproduct is,Hvhich, if the plant The experiments were carried out on a commercial Gier

is sited near industry, can be exported. catalyst with a Cu:Cr ratio of 1:1, reduced ibMHe as de-
This paper reports a detailed investigation of the kineticsscribed below. It had a total surface area of 13%ym' and a

of adsorption, desorption, and surface reaction of ethanol opopper metal area of 7.64g~* measured in situ by YO reac-

a well-characterised Cu/gDs catalyst. These studies provide tive frontal chromatographld]. The catalyst was supplied by

a detailed mechanism of the reaction. Sud-Chemie.
The role of the Cu component of the catalyst was determined

by conducting TPR studies of ethanol on unsupported polycrys-
talline Cu. The unsupported polycrystalline Cu was prepared in
situ by temperature-programmed reduction of CuO (BDH) in
a fashion identical to that used for the Cu/Og catalyst. The
polycrystalline Cu had a surface area of 2.2gnt.

2. Experimental

All of the experiments were conducted in the in situ mul-
tipurpose reactor described previougds5]. This is a single
stainless steel tube reactor (20 cm long, 0.4 cm) connected v
a heated capillary to an on-line mass spectrometer (Hiden A
alytical, Warrington, UK). The mass spectrometer is capable o
following 16 masses continuously with temperature/time. The A 12% C,HsOH/He stream was prepared by bubbling He
reactor is housed in a stainless steel block that can be COO"?Hough GHsOH held in a saturator at 303 K. The cracking
to 77 K (for total area measurements) by pumping liquil N narterns of the reactant ethanoltGOH) and product ethyl
through it. The mgtal block can be heated to 1100 K in a CONgthanoate (CECO,C,Hs) together with those of possible inter-
trolled manner using a Newtronics controller to control the cary,qgiates [e.g., ethanal (GBHO)] and of side products [e.g.,
tridge heaters housed in the block. The thermocouple used W\ethylethyl ketone (CECOG:Hs) and crotonaldehyde] were
provide the catalyst temperature to the Newtronics controller i$| qetermined on the mass spectrometer. A masarge ratio
housed in the catalyst bed. . (m/z) of 31 (the CHOH fragment) was taken as characteris-

The catalyst was characterised by (i) temperature-prograniic of ethanol; ann /7 ratio of 69 was taken as characteristic of
med reduction (TPRJ3], (ii) by N2 adsorption at 77 K using  ethy| ethanoate. Othen /7 ratios included 43 for ethanal, 71

gas adsorption chromatography for measurement of the tot@h putanol, 18 for water, and 2 for dihydrogen.
area and (iii) by NO reactive frontal chromatography for mea-

surement of the Cu metal arg8. The adsorptive capacity of 3. Results and discussion

the catalyst was determined by isothermal frontal gas adsorp-

tion chromatography and by temperature-programmed desorg:1. Characterisation of the bonding of the H; to the Cu and
tion (TPD)[3]. The kinetics of the reaction were determined by Cr,03 components of the Cu/Cr,0O3 catalyst

TPR and isothermal rate measurements. The mechanism of the

reaction was elucidated by temperature-programmed reaction Fig. 1is the TPR profile obtained by heating the Cu/Gs

0 2. Reaction mixture

spectroscopy (TPR$3]. catalyst in B/He (5% H, 101 kPa, 25 cihmin—1) from ambi-
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Fig. 1. TPR profile obtained by heating the Cy/Og catalyst in Bb/He (5%/H, 101 kPa, 25 cF’nmin_l) from ambient to 600 K at 0.5 K mint.
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Fig. 2. TPD spectrum of fland H,O from a Cu/CsO3 catalyst which had been reduced in Bis described ifrig. 1 The reduced catalyst was cooled to 200 K in
the Hy/He before being heated at 5 K mih from 200 to 1000 K.
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Fig. 3. TPD spectrum of Nkifrom Cu/CkOg3 catalyst on which all the pidesorption states at 296, 375, 430, 575 and 680 K exist (black curve). The grey curve is
the NHz desorption spectrum from the Cuf@3 catalyst which had all of the fdesorption states removed by temperature programming.

ent temperature to 600 K at a rate of 0.5 K minThe shoulder  switched to He and the temperature raised from 200 to 1000 K
in the reduction profile at 410 K probably originated from theat a rate of 5 Kmimn?, following m/z = 2 (Hp) andm/z = 18
reduction of the surface oxygens atom. Indeed, on that basis, ug420).

ing a crude deconvolution of the peaks by dropping a vertical at The peak at 296 K represents the recombinative desorption
415 K predicts a Cu dispersion of 17%. The Cu dispersion calef H atoms on the surface of the C&]. The small peaks at 375
culated from the Cu area measuring 7%9@% or15.6 rﬁggj and 430 K probably originated from H atoms located beneath
was 16%, giving reasonable support for the proposition. The Hthe surface of the C{b]. Therefore, the K desorption peaks
and HO signals returned to baseline at temperatwB80 K, at 575 and 680 K derived from the £33 component of the
indicating complete reduction of the copper oxide componenCu/CrO3 catalyst.

of the catalyst. However, to ensure complete reduction, the cat- The H peak desorbing at 680 K derived from a strong Bron-
alyst was held at 500 K under the,Htle stream for a further sted acid site on the surface of the,Og. This can be demon-

16 h. strated by the NEldesorption spectra shownhiig. 3. The NH;

Fig. 2 shows the TPD spectrum of;Hand HO from the  was dosed on to the reduced Cuy/Os catalyst from a NH/He
Cu/CrO3 catalyst. Thus was obtained by first reducing the(5% NHs, 101 kPa, 25 crimin—1) stream at 300 K. The blue
catalyst in H/He as described above, then lowering the tempertine represents the NfHdesorption spectrum from a catalyst
ature to 200 K in the lfHe (5% H) stream. The flow was then containing all of the H desorption states showrFig. 2 The
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Fig. 4. NH3 TPD spectrum from the Cu/@D3 catalyst from which the bl desorption states at 296, 375, 430 and 575 K had been desorbed. The coincident
desorption of NH and H is from NHg being adsorbed as NfF on the Bronsted acid site.
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Fig. 5. The time dependence of the ethanol signal obtained by dosiig@H/He (12%) on to the reduced and H desorbed Cifigrcatalyst at 303, 343, 373,

413, 453 and 473 K.

red line inFig. 3represents the Ngidesorption spectrum from

a H atom. As stated above, the bonding of thesNiithis state

which all of the adsorbed H atoms had been desorbed. The NHo the CpO3 was probably to a Lewis acid site on the;Og.

peak at 680 K was lost. The NHbeak at 453 K was unchanged

and was probably due to a Lewis acid site on thgQizr
Additional evidence for the 680 K Hdesorption peak be-

ing a Bronsted acid is provided ffig. 4, which shows the Nkl

desorption spectrum from the CufQ¥; catalyst from which

3.2. Isothermal ethanol adsorption on the Cu/Cr,03 catalyst

Fig. 5 shows the time dependence of the development of
the ethanol peakn{/z; = 31) when the @HsOH/He (12%)

the H, desorption states at 296, 375, 430, and 575 K had beegthanol mixture was diverted over the reduced and H desorbed
desorbed by raising the temperature to 600 K in He and coolingu/Cr 05 catalyst, held at 303, 343, 373, 413, 453, and 473 K.

to 300 K before adsorbing the NHThe figure shows only one
H> desorption peak at 680 K. The Nhbeak at 680 K is coin-
cident with that of the b, indicating that they derived from a
common species—probably the H species. The Ngldes-
orbing at 453 K was unaffected by the desorption efilthis
temperature range, so its bonding to the@ywas not through

The figure also shows the time dependence of the development
of m/z = 31 peak when the ethanol/He mixture was diverted
over glass beads held at 303 K.

Little reaction appeared to occur on the catalyst at 303, 343,
or 373 K, because thee/z = 31 signal from the catalyst held
at these temperatures fefl400 s was roughly the same as that
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Fig. 6. The b pulse obtained by dosingxElsOH/He (12%) on to the reduced and He desorbed Gudgcatalyst at 303, 343, 373, 413, 453 and 493 K.

obtained from glass beads. Clearly, however, significant steadypn the Cu, because every, ltholecule formed corresponds to
state conversion of the ethanol occurred over the catalyst aboveo adsorbed ethoxy species.
373 K, as evidenced by the fact that the long-term steady-state Fig. 7 is an Arrhenius plot of the natural logarithm of the
value of m/z = 31 signal dropped from.& x 10-8 mbar at amount of b produced in the pulse versug in the temper-
303K to 13x 108 mbar at 413 K, B x 108 mbar at 453 K, ature range 303—-413 K. The;Hbulse at 413 K was integrated
and 03 x 108 mbar at 493 K. even though the Fisignal did not return to its baseline value
Surprisingly, however, when the dihydrogen signal wasby extending the descending part of the peak to the baseline.
monitored during the dosing of the ethanol on to the cataThe activation energy for the adsorption of ethanol as ethoxy
lyst, the H peak produced clearly indicates that ethanol wasbtained from this plot was 31 kJ mdi.
chemisorbed on the catalyst at 303 K and ab&ig.(6). A dis- Table 1lists the amounts of Fevolved in the temperature
tinct dihydrogen peak was obtained in the temperature rang@nge 303—-493 K (0.5 g catalyst) and the derived ethoxy cov-
303-373 K, with them/z = 2 signal returning roughly to its €rage of the Cu component of the catalyst. It can be seen from
baseline value on completion of the dihydrogen pulse. Thighe table that the ethoxy coverage of the Cu is submonolayer
process likely occurred on the Cu component of the catalys@t temperatures:373 K. The average Cu atom site density on
because associative desorption of atomic hydrogen adsorbed 8 three low-index Cu crystal faces [Cu(111), Cu(110), and Cu
Cu occurs at 303 K2] and at 575 and 680 K on the 03 (see  (100)] was 14 x 10 sites cmr? [4]. The value of (68 x 10'°
above). Little or no reaction of the chemisorbed ethoxy specie§thoxyl species per chof Cu at 373 K (approximately half
occurs below 373 K, because the long-tenyr = 2 signal is Monolayer) is probably saturation coverage of the Cu by the
barely above baseline in this temperature regime. The peak #hoxy species due to the difficulty of packing such a large
the H, signal results from the initial interaction of the ethanol SPEcies on the surface.
with the clean Cu surface. The adsorption of the ethoxy species 'tiS clear from the table that the ethoxy coverages of the Cu

resulting from the interaction effectively poison the surface to?t t€mperatures above 453 K calculated from the amoungof H
further reaction to an extent determined by the temperaturé&Volved are greater than monolayer. Multilayer coverage of the
Thus the chemisorption process is catalyst by an ethoxy species is impossible, and so both adsorp-

tion and reaction are occurring in the pulse. Because the only

CH3CH,OH(g) + 2Cu— CH3CH,CO(a)+ H(a), (1)  product observed in the pulse is Kthem /z = 43 signal shows

no pulse), the form of this reaction appears to be dehydrogena-
H(a) + H(@) — H2(9), (2) " tion of the adsorbed ethoxy species
where the subscripts “a” and “g” refer to adsorbed and ga€H3;CH,0(a)+ Cu = CH3CHO(a)+ H(a) 3)

phase species, respectively. The steady-state evolutiop af H
413 K and above results from the dehydrogenation of the ad-
sorbed ethoxy species. CH3zCHO(a)+ Cu <= CH3CO(a)+ H(a), 4)

Two important quantities can be calculated from the dihy-followed by associative desorption of the adsorbed H(a) [reac-
drogen peaks shown fRig. 6 (i) the activation energy for the tion (2)].
adsorption of ethanol to form the adsorbed ethoxy species [re- Corroborative evidence that reaction occurs above 373 K can
action(1)] and (ii) the surface coverage of the ethoxy speciese found in the increasing loss of gas phase ethamtd & 31)
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Fig. 7. Arrhenius plot of In[H] versus! /T from Hy pulses observed after dosingl@sOH/He (12%) on to the reduced and H desorbed Gy@grcatalyst at 303,
343,373 and 413 K.

Table 1

3.3. TPRof ethanol over the Cu/Cr,03 (1:1) catalyst

Ethoxy coverage of the Cu as a function of the adsorption temperature

Dosing Evolved H, CoHs(a) C2Hs0(a) Fig. 9 shows the TPR profile obtained by passing the
temperature (molecules, species coverage of Cu C,HsOH/He stream (12% £HsOH) continuously over the

) x109) (x10%%) (cm~%, x10%%) Cu/Cr,03 (1:1) catalyst while raising the temperature from
ggz 828 géG ggg ambient to 523 K at 5 K mint. Them / ratios 31 (GH5OH), 2

373 " o 058 (Hp), 18 (H;0), 61 (CHCO,C,Hs), 56 (CHLOHCH,CH2CHy),

413 21 42 11 and 43 (GHs0H, CH3CO,C,Hs and CHCHO) were followed

453 27 54 14 continuously on the mass spectrometer as the temperature was
493 35 6.4 17

raised. The figure indicates that whereas theignal rose con-

tinuously from room temperature, the significant increase in

at 413 K and aboveH{g. 5) together with the increase in the this signal occurred only above 400 K. This, then, was the tem-
steady-state values of both the/z = 2 (Hz) (Fig. 6) and  perature of the onset of reaction. A small water peak can also
m/z = 43 (Fig. 8) signals. Them/z = 43 signal is a minor pe seen at the onset temperature of 400 K, so that the evolv-
cracking fraction of ethanol and ethyl ethanoate but a majoing H, reduced not fully reduced Cu by the initial reduction in

one of ethanal.
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Fig. 8. The time dependence of the/z = 43 signal (possibly ethanol) obtained by dosingHgOH/He (12%) on to the reduced and H desorbed Culgrcatalyst

at 303, 343, 373, 413, 453 and 493 K.
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Fig. 9. TPR profile obtained by flowingzBi5OH/He (12%) continuously over the reduced and H desorbed G0 tatalyst while raising the temperature from
ambient to 523 K at 5 K min.

.22
y = 0.9y +1.63, max dev:D.11?,r2=D.988

E.= 90 kJ mol™

S22

In (Rate)

.24

-246
I.rn 215 230 135 240

-1

T w107 K

Fig. 10. Arrhenius plot of the logarithm of the ethyl ethanoate signat {ln= 61) versus/ /T observed by temperature programmed reaction showigire.

Itis possible to obtain the activation energy for the formationm /z = 43 signal (possibly ethanal) above 473 K. This suggests
of ethyl ethanoate frorfig. 9. A plot of the natural logarithm that byproduct formation is a high-temperature phenomenon.

of the rate of production of ethyl ethanoate (th¢z = 69 sig- Because the formation of ethyl ethanoate from ethanol is es-
nal) versus 17 (K) at the initial stages of reaction when there sentially the dimerisation of ethanol,
is negligible reverse reaction gives the activation energy fobcH,CH,OH = CH3CO,CyHs + 2H,, (5)

the reaction. This plot in the temperature range 420-431 K is
shown inFig. 10 the activation energy obtained from it was
91 kImoft. Note that fromFig. 9, above 473 K, the ethyl d[Ho] - 2d[CH3COCoHs] = A EIRT

_ DOVE _ PCyHs0H (6)
ethanoate signal/(/z = 61) became invariant with tempera- dr
ture, even though the:/z = 31 signal (ethanol) continued to or
fall, albeit at a slower rate above 473 K than in the temperayy, diHa] _ N2+ In d[CH3CO,CaHs)
ture range 433-473 K. Therefore, the ethyl ethanoate reaction 0f dr
reached equilibrium at 473 K. Above 473 K, the ethanol con- =InA — E/RT +In Pc,Hs0H. (7

tinued to react, forming byproducts, as evidenced by the conA plot of the natural logarithm of the rate of production of dihy-
tinued increase in the:/z = 71 signal (butanol) and in the drogen Ifd[H2]/dr) versus X T in the initial stages of reaction
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Fig. 11. Arrhenius plot of the logarithm of theoHignal versud /T obtained by temperature programmed reaction shoviAign9.

should give the activation energy for the production of ethylwhich then desorbs,

ethanoate. Such a plot in the temperature range 420-431 K }

shown inFig. 11, from which an overall activation energy for 5H3CHZOOCCH;(a)<:> CHsCH00CCH(9). ©

ethyl ethanoate formation of 98 kJ m@lis obtained. Because It is impossible to conclude from the data obtained thus far

we have greater sensitivity for the/z = 2 (H,) signal in the whether the rate-determining step in the reaction is the sur-

mass spectrometer relative to thgz = 61 signal, the value of face reaction of adsorbed ethoxy species with adsorbed acetyl

98 kJ mot ! for the activation energy for ethyl ethanoate forma-species [reactiof8)], desorption of the ethyl ethanoate [reac-

tion obtained from the temperature dependence of theighal ~ tion (9)], or a combination of the two. However, as we show

is probably more accurate than the value 90 kJthobtained later, desorption of ethyl ethanoate is rate-determining.

from them/z = 61 signal. The generic form of the overall rate expression for the rate
The activation energy for ethyl ethanoate formation might be?f production of ethyl ethanoate resulting from reacti¢hjs-

obtained from the increase in the steady-state value of the H9) would be

signal with increasing temperaturiéi§. €) or from the decrease  dPcp,cH,00ccH; K1k3kakgkg PcHsCH,0H

in the steady-state value of theld;OH signal with increasing ar =

temperatureig. 5). Values of 30 kmoi! are obtained from

both in the temperature range 453—-493 K. These values are co

siderably lower than the value of 98 kJ mblobtained from

= (10)

1+ KoPcHacHyoccH + K2 P,
om which it can be seen that the overall activation energy of
8 kJ mot® for the production of ethyl ethanoate is a complex

the activation energy for the ethyl ethanoate formation from thétgncgog (()jf the 5“;“ of fth::-hactl\fanodn ?TE rg(ljeshf(zjr the adt_sorp-f
initial rate of H, production. These lower values are a result of Ive denhydrogenation ot ethanol and ot the dehydrogenation o

significant back-reaction at 453 and 493 K: that is, the reactiortlhe adsgrbe_d etfhoxt)r/] and fethanEIl(tﬁg, anddE?) ptlr:JS (‘;he
is near equilibrium at these temperatures. energy barriers for the surface reactiafg) and for the des-

orption of ethyl ethanoatef) divided by the ethyl ethanoate
and hydrogen equilibrium heats of adsorptiadnHy and A Hy).

A consequence of deconvoluting the overall reaction into its
component elementary reactions is that it explicitly shows that
the first dehydrogenation of an adsorbed ethoxy species pro-
duces an adsorbed ethanal species [rea¢8}jrthat could de-

3.4. Reaction mechanism resulting from TDSS ethanol dosing
experiments and TPR studies

The temperature-dependentH;OH(g) adsorption studies
showed that the §Hs0OH adsorbed as ethoxy and that the ad-

sorbed ethoxy species was easily dehydrogenated to form e?ﬁrb as ethanal,
acetyl speciesHigs. 5 and greactiong1), (3), and (4), CH3CHO(a)«<= CH3CHO(g) + Cu. (11)
CH3CH,0H + 2Cu <= CH3CH,O(a)+ H(a), (1) That the reaction is-95% selective to ethyl ethanoate and that

negligible amounts of ethanal are detected in the gas phase
CHsCH,0(a)+ Cu <= CHsCHO(a)+ H(a), ) (note that then/z = 43 signal inFig. 9is multiplied by 100)
CH3CHO(a)+ Cu <= CH3CO(a)+ H(a). (4) implies that the activation energy for dehydrogenation of the
egjsorbed ethoxy specid%, is much smaller than the desorp-
&fon activation energy of adsorbed ethafal.

White and colleagues found that selectivity in ethanol dehy-
CH3CH,0O(a)+ CH3CO(a)<= CH3CH,OOCCHs(a), (8) drogenation depends critically on the dispersion of théeCti.

Reaction of the adsorbed ethoxy species with the adsorb
acetyl species produced adsorbed ethyl ethanoate,
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Fig. 12. TPD spectrum obtained by dosing ethyl ethanoate in He (17%) at 493 K on to a reducegDgw@alyst at 493 K on which the 680 K desorbing H state
only existed.

They found that isolated Cu atoms catalysed the dehydrogena- The H desorption spectrum shows the characteristic peaks
tion of ethanol to acetal only, whereas multiple Cu ensembleat 580 and 680 K. Nothing desorbs coincident with thepdak
produced ethyl ethanoate (73%) in addition to acetal (27%)at 580 K; however, botlw/z = 43 andm/z = 31 fragments
Assuming spherical Cu particles, the average diameter of thdesorb coincident with the 680 Kxpeak. These derive from
Cu in the Cu/CsO3 catalyst is~400 A, whereas that in the the desorption of ethyl ethanoate bound to the surface of the
polycrystalline Cu is~3000 A. If high selectivity in ethanol Cr2Os through the strong Brénsted acid site described earlier.
dehydrogenation to ethyl ethanoate requires large Cu particle$he (m/z = 31):(m/z = 43) ratio is not that of the cracking

then it is not surprising that the materials used here produceattern of ethyl ethanoate, and so the adsorbed ethyl ethanoate
ethyl ethanoate almost exclusively. must undergo some degree of hydrogenolysis by the Brénsted

acid hydrogen as it desorbs,

3.4.1. TPD and TPR spectroscopy studies of C,HsOH and CH3CH00CCH;(a) + 2H(a)
CH3CO,C2Hs on the Cu/Cr,03 catalyst = CH3CH,0H(g) + CHCHO(Q)- (12)

The combined techniques of TPD and TPR spectroscopy his reaction is not complete; a fragment appears to be left on
(TPRS) provide added detail to the elementary reaction moddhe surface that desorbs at 720 K ag/a = 43 peak. This frag-
described by reactiond)—(4), (8), and (9)n terms of specific ment could be an acetyl species that is hydrogenated to ethanal,

desorption activation energies using TPD and surface reactioH;CO(a)+ H(a) <> CH3CHO(g)+ 2Cu. (13)

mechanisms using TPRS. If the desorption of ethyl ethanoate from the Brénsted acid site

is assumed to be of first order, then the desorption activation

3.4.2. Ethyl ethanoate adsorption on Cu:Cr (1:1) studied by energy from that site calculated from the value of the peak
TPD and TPRS maximum temperature (680 K) for a desorption pre-exponential

The catalyst was reduced in an identical manner to that deerm of 132 s1 is 180 kJmot? [8]. This is greater that the
scribed to producéFig. 1 However, after 16 h reduction in overall value of 98 kJmof* obtained from TPR experiments;
Hx/He (5%) at 508 K, the temperature was lowered to 473 K, athe difference derives from the complex function of the sum
which point the flow was switched to He (101 kPa, 25 mlin  the activation energies for adsorption, surface reaction, and des-
for 30 min to remove the H adsorbed on Cu while leavingorption found in Eq(10), which produce an overall activation
the H adsorbed on the €D3. The ethyl ethanoate was then energy of 98 kJ moil while still containing in that rate expres-
dosed on by passing He (101 kPa 25%enin—1) through ethyl  sion a value of 180 kJ mot.
ethanoate maintained at 300 K in a saturator, producing a 17% It should also be noted that a smalfz = 31 (ethanol) peak
mixture of ethyl ethanoate in He. The ethyl ethanoate/He mixis observed at 300 K. This probably results from the hydrogena-
ture was passed over the reduced catalyst held at 493 K fdion of an ethoxy species adsorbed on Cu,
30 min. The temperature was lowered to ambient under theH;CH,OH(g) + 2Cu <= CH3zCH,O(a)+ H(a). (1)
ethyl ethanoate/He stream. The flow was then switched to He
(101 kPa, 25 crdimin~1) for 30 min, and the temperature 3.4.3. TPD/TPRSof ethanol from Cu:Cr (1:1)
was raised from ambient to 900 K under the He stream. Th&.4.3.1. Adsorption temperature 493 K Fig. 13is the spec-
TPD/TPRS spectrum so produced is showFig. 12 trum obtained on temperature programming after dosing
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Fig. 13. TPD spectrum obtained by dosingHzOH/He (12%) on to a reduced CuKD3 catalyst at 493 K on which the 680 K desorbing H state only existed.
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Fig. 14. TPD spectrum obtained by dosingHgOH/He (12%) on to a reduced CuKD3 catalyst at 303 K on which the 680 K desorbing H state only existed.

CH3CHoOH (12% in He, 101 kPa, 25 chmin~1) onto the ing on the C5Os desorbing as:/z = 43 (possibly CHCHO)

Cu:Cr (1:1) catalyst held at 493 K for 30 min. After the ethanolin two peaks at 720 K and 840 K. The second is the larger

was dosed at 493 K, the temperature was lowered to ambethoxy species existing on the surface of the Cu, desorbing as

ent in the ethanol stream. The flow was then switched to HEH3CH,OH at 360 K.

for 30 min, after which the temperature was raised at a rate of

5 Kmin~L. The spectrum produced is virtually identical to that3.4.3.2. Adsorption temperature 303 K Fig. 14 is the spec-

obtained after ethyl ethanoate was dosed on to the catalyst tim obtained after dosing G&H,OH/He (12% CHCH,OH,

493 K. Therefore, the ethanol adsorbs and reacts on the surfage1 kPa, 25 cimin~1) onto the Cu:Cr (1:1) catalyst for

at 493 K, forming ethyl ethanoate. This ethyl ethanoate is boun@0 min at 303 K. After the CECH,OH/He was dosed, the

to the catalyst through the strong Bronsted acid site, desorbingow was then switched to He for 30 min, after which the tem-

on hydrogenation at 680 K in coincidenp HCH3CH,;OH, and  perature was raised at a rate of 5 Kmin. Keep in mind that

CH3CHO peaks. catalyst pretreatment involved reduction at 503 K for 16 h in
There are two major differences in the spectra obtained afH,/He (5% H, 101 kPa, 25 crhmin—1), followed by desorp-

ter ethanol dosing and after ethyl ethanoate adsorption. Thigbon of the hydrogen adsorbed on the Cu in a He flow (101 kPa,

first of these is a larger high-temperature fragment remain25 cn® min—1) at 503 K for 30 min.
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Fig. 15. TPR profile obtained by flowing-€lsOH/He (12%) continuously over the reduced and H desorbed unsupported polycrystalline Cu catalyst while raising
the temperature from ambient to 523 K at 5 K min

It is possible to measure the coverage of the Cagrcat-  The amount of H formed up to 373 K is%x 103 atom crrglzJ
alyst by ethanol at 303 K from the frontal uptake shown incorresponding to a coverage of ethoxy species.bf>x5103
Fig. 5. Integration of ethanol uptake at 303 K on the Cy@y  species crg2. The amount of H formed by the dehydrogena-
in Fig. 5 can be obtained from the time difference to ethanokijgn of ethoxy species to form the acetyl species.’>310
breakthrough on the catalyst minus the time difference on glasgtiom Cn&%_ Because the dehydrogenation of the ethoxy species
beads; this value is 400 s. The total number of molecules adp form the acetyl species involves the loss of two H atoms [re-

sorbed is therefore actions(3) and (4), the coverage of the adsorbed acetyl species
NPVi is 1.6 x 10** acetyl species cgf.
Molecules adsorbegt RT (13) It is evident fromFig. 14that the ethoxy and acetyl species

_ , 3 _ combine to form ethyl ethanoate. This appears to migrate from
where N is Avogadro’s number (623 x 10°%), P (atm) IS the Cy to the Bronsted acid site, where it desorbs at 680 K. The

the partial pressure of ethanol (0.12), (cms™) is the remaining acetyl species-L x 10'* acetyl species cgf] are
flow rate (2560), ¢ (s) is the time to breakthrough (40Qk, hydrogenated and desorb as ethanal at 720 K.

_l _l . .
(cm® atm K% mol?) is the gas constant (82.058), andK) is It is possible to obtain an estimate of the activation en-

the adso'rptilon temperature (393)' ) ergy for the dehydrogenation of the adsorbed ethoxy species
Substituting these values into E@L3) gives a value of 504 using the temperature dependence of the line shape of

O .
49 x 1¢? mo:_jef:ules alldso;bed. The weight ofngratalysr: usethe H, desorption peak. The fact that the peak is symmetric
was 0.5 g, and its total surface area was 13%ynt, so that about the peak maximum indicates that this desorption is as-

the coverage of the catalyst by ethanol at 300 K in equ”ibriumsociative and so, not surprisingly, is a second-order process.

with gas phase ethanol (0.12 atm) is approximately 5 MONOYe can use the result that line shape analysis of the second-

iﬁyerfr'] Only a s-mg_ll tf):actlog of tha}ttﬁ"% ;\]/I L). |s"ads(;>rbebd gsorder H desorption peak from Cu, whose peak maximum tem-
€ ethoxy speciesigble J. Some of this physically adsorbe perature is 300 K, produces a desorption activation energy of

ethanol will desorb during the 30 min of He flow before tem- 67 kdmotL to construct a graph of desorption activation en-

perature programming. That some remains is evidenced by theer against peak maximum temperature. Using this araph. the
ethanol desorption peak at 370 Kkig. 14, which constitutes gyag P P ' 9 drapn,

70% of the initially adsorbed ethanol. peak maximum temperature of 425 K for the dehydrogenation

However, some of the adsorbed ethanol is dehydrogenateo adsorbed ethoxy species corresponds to an activation energy

duri : o of 94 kJmot! for this process—a value similar to that for the
uring temperature programming. This is shown by the H :
peak beginning~20 K after the onset of ethanol desorption overall production of ethyl ethanoate.
and maximising at 425 K. The total amount of the k$
3.8 x 10" atom cng2, 27% of a monolayer of the CEig. 14.  3.4.4. TPRof ethanol with polycrystalline copper

In the lower temperature regime (300-373 K), we know that  That copper is the primary active component of the catalyst
the H, evolution derives from the dehydrogenation of ethanol tocan be seen on the TPR profile obtained by passing ethanol
form an adsorbed ethoxy species (see the discussibiyof).  (12% in He, 101 kPa, 25 chmin—1) over polycrystalline Cu
Above 373 K, b evolution occurs by the dehydrogenation of while raising the temperature at a rate of 5 K mir(Fig. 15.
the adsorbed ethoxy species to form adsorbed acetyl speciekhe polycrystalline Cu was produced by reducing CuO (BDH)
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Fig. 16. The effect of removing the 680 K H desorbing Brénsted acid site from the reduced,Og/€atalyst on the ethanol conversion and ethyl ethanoate

production at 493 K.

in Hyo/He (5% B) in a fashion identical to that for the Cu/4tds ish with time, remaining constant for1l h. Thus the H pro-

(1:1) catalyst. duced by the reaction of ethanol to form ethyl ethanoate did not
The TPR profile of CHCH,OH with Cu (Fig. 15 is vir- reestablish the Bronsted acid site or the OHs on th©gr
tually identical to that obtained with the CukQ¥; catalyst The steady-state rate of ethyl ethanoate formation in the

(Fig. 9. The onset of K production occurs at about 400 K, presence of the Brénsted acid site is a pseudoequilibrium value,
and ethyl ethanoate formation occurs at 440 K. The slight difbecause the standing surface concentration of ethyl ethanoate
ference between Cu and CufQCx is that the Cu has a slightly on this site was higher than would be achieved in its absence.
stronger temperature dependence than the GQCThus the  The reverse reaction on the surface was increased by this higher
activation energy for ethyl ethanoate formation on Cu derivedstanding concentration of adsorbed ethyl ethanoate on the Bron-
from Fig. 15is 120 kJ mot!, compared with 98 kdmol from  sted acid site.
CU/CI‘203.

The fact that in TPR studies, unsupported Cu and thqL Conclusions
Cu/Cr O3 catalyst exhibit both the same product spectrum and
nearly the same temperature dependence of that product spec-
trum yconﬁrms that tr?e Cu comgonent of the catFe)lIyst is tﬁe 1. Ethanol adsorbs on to the_Cu cc_)mponent_of _CgIZErcat—
source of its activity. Next, we demonstrate that the Bronsted ~ 2YStS as an ethoxy species with an activation energy of
acid site not only is unnecessary for the activity of the Cpligr 31 kJmot ™.

catalyst, but also is positively associated with the activity of the 2- 1he ethoxy species adsorbed on the Cu component of the
Cu/CrO3 catalyst is dehydrogenated to an acetyl species

catalyst.

y with an activation energy of 94 kJ md.
3.4.5. Effect on activity of the removal of Bronsted acid site 3. The ethoxy and acetal species adsorbed on the Cu react
species from Cr,03 to form adsorbed ethyl ethanoate molecule that migrates

Although it is clear that the adsorption of ethanol and the ~ over the Cu to a Bronsted acid site on the@g, where it
surface reaction of the adsorbed ethoxy and acetyl species to IS strongly adsorbed. Assuming first-order desorption, this
form ethyl ethanoate takes place on the Cu component of the has an desorption activation energy of 180 kol
Cu/Cr0O3 catalyst, we have suggested that the activity of the 4. The rate-determining step in the reaction is the desorption
Cu/CrO3 catalyst could be inhibited by difficulty in desorb- of the product ethyl ethanoate molecule from this Bronsted
ing the ethyl ethanoate product, which is strongly held on the  acid site, which, assuming first-order desorption, has a de-
Bronsted acid site of GO3. Having reduced the catalyst in the sorption activation energy of 180 kJ ol
normal way, the Bronsted acid site and the OHs on th&®gr 5. The overall activation energy for the production of ethyl
were removed by ramping the temperature from 503 to 903 K ethanoate over the Cu/§z (1:1) catalyst obtained by
in He. The temperature was then lowered to 493 K under the line shape analysis of the initial rates of ethyl ethanoate

He and the flow switched from He to GBH,OH/He (12% formation in TPR experiments is 98 kJmd| which is

CH3CH,OH, 101 kPa, 25 cimin~1). the same as that for the dehydrogenation of the adsorbed
The resulting effect on ethanol conversion and on ethyl ethoxy species to form an adsorbed acetyl species. That the

ethanoate formation is shown Fig. 16 The steady-state rate two values are identical is a coincidence deriving from the

of ethyl ethanoate formation increased by a factor of 2.5. This  complex function of the activation energies in the overall
increased rate of formation of ethyl ethanoate did not dimin-  rate expression for ethyl ethanoate formation. It does not
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