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SYNOPSIS

Methyl methacrylate (MMA) is widely used for a range of polymer products. MMA canbbe produced
from propionaldehyde via the BA’SF process; n-Propanol is readily available in South Africa as a
byproduct of Fischer-Tropsch synthesis. This prompted an investigation into the production of
propionaldehyde by the dehydrogenatiop of n-propanol. There is presently no established te;:hnology |
for the dehydrogenation of n-propanol to propionaldehyde and there has been very little work carried

out on the effect of process variables on propionaldehyde yield.

The emphasis of the current work was optimising propionaldehyde production. A commercial
copper-chromite catalyst (G-13), for'the d"eh}/'drogenation of ethanol to acetaldehyde, was used for
the purposes of this study. Typical operating conditions of 250°C, 1 atmosphere pressure, 1:1 molar
;atio of n-propanol to water and a liquid hourly space velocity of 1 hr”' were used. Significant
byproduct formation occurred (between 64% and 93% n-propanol selectivity to byproducts) despite
the addition of water to the n-propanol feed in an attempt to reduce the formation of condensation
products. The copper-chromite catalyst deactivated rapidly with time-on-line. The catalytic activity
reduced to half the initial value after seven days on line. The reaction conditions (temperature, water
partial pressure and liquid hourly space velocity) were varied in order to optimise the
propionaldehyde yield. A maximum propionaldehyde selectivity of 32 mole % was achieved at a
reaction temperature of 219°C, a water partial pressure of 08 atmospheres and a liquid houriy space
velocity of 1.1 hr™. The rapid deactivation of this particular catalyst together with the low

propionaldehyde yield make the process unattractive for 'industrial applications.
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1. INTRODUCTION
1.1. SCOPE OF THE CURRENT WORK

Methyl Methacrylate (MMA) is used extensively in a range of polymer products [1]. The MMA
market has shown a sustained growth rate in recent years which has lead to the development of
processes based on a variety of different feedstocks. The conventional route to MMA is via the
acetone cyanohydrin route. This accounts for the majority of the world production at present [2].
The other processes of significance are C4 (isobutylene, isobutanol or tertiary butanol) direct
oxidation, the propylene process and the BASF propionaldehyde route. Ethylene
hydroformylation is used in the BASF process to produce propionaldehyde which is then
condensed with formaldehyde to produce methacrolein. Direct oxidation of methacrolein
produces methacrylic acid which undergoes acid catalysed esterification with methanol to give

MMA.

Propionaldehyde can be produced by the dehydrogenation of n-propanol which offers an
altemative to the ethylene hydroformylation step. Propanol is readily available as a byproduct of

the Fischer-Tropsch process making this an attractive route for the production of MMA.

There is presently no established technology for the dehydrogenation of propanol to
propionaldehyde. However, the commercial production of acetaldehyde by the dehydrogenation
of ethanol is well documented [3]. Some work has also been carried out on the dehydrogenation
of iso-propanol [4], [5]. Copper is widely used as a catalyst for the dehydrogenation of alcohols
[6], [7]. However, very little work has been done on the dehydrogenation of n-propanol over
copper catalysts and in particular over copper-chromite catalysts. Some work has been carried
out by Connett {8] who studied the mechanism of n-propanol dehydrogenation over copper oxide
catalysts. Chhabra et al [9] studied the reaction mechanism, equilibrium constant and activation
energy for the dehydrogenation of n-propanol over a copper supported on kieselguhr catalyst.
Despite these studies very little work has been carried out concerning the effect of process
variables in the context of an industrially applicable process. The lack of literature available on the

dehydrogenation of n-propanol over copper-chromite catalysts and the interest expressed in
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establishing a process for the production of MMA from an alternative, readily available feedstock,

have prompted the work discussed below. The aims of the current study were;

(1) to establish suitable operating conditions at which acceptable conversions and selectivities
could be obtained over a commercial copper-chromite catalyst

(ii))  the optimisation of the operating conditions in order to maximise the production of

~ propionaldehyde to make the process viable for industrial application.

In order to optimise propionaldehyde production the following were investigated:

1) The reactor system was checked to ensure that it was inert and that reproducible results
could be obtained. |

(ii)  The presence or absence of mass transfer effects were investigated.

(i)  The effect of temperature profiles through the catalyst bed were mvestigated and minimised.

(iv)  Effects of catalyst aging with time-on-line were investigated.

(v)  The products of n-propanol dehydrogenation were identified and the mechanisms by which
byproduct formation takes place were investigated in order to understand the factors
influencing propionaldehyde formation.

(vi)  The operating conditions were optimised by means of a matrix experimental design.
1.2. THE CHEMISTRY OF PROPIONALDEHYDE

Propionaldehyde is a highly reactive chemical intermediate and is used primarily in the preparation
of C, and C, compounds. It is used as a source of propyl groups during chemical synthesis. The
a-hydrogen of propionaldehyde can be replaced by formaldehyde via the Aldol condensation
reaction to produce methacrolein in the manufacture of methyl methacrylate for the polymer
industry [10]. Propionaldehyde is converted into 1-propanol, propionic acid and trimethylolethane
(trihydroxymethyl ethane) and finds application in the pharmaceutical industry as the tranquillizer
meprobmat, as well as in the agricultural chemical field. It is used as a rubber additive and in

corrosion inhibitors.

Its highly reactive chemical nature is due to the polarity of the carbonyl group and the acidity of the
a-hydrogen atoms. These reactive centres allow propionaldehyde to undergo oxidation and

polymerisation readily. Propionaldehyde commonly undergoes the following reactions;



(1) Oxidation;
The aldehyde undergoes liquid phase catalytic and non-catalytic oxidation to produce
propionic acid which is used as a crop preservative as well as in the manufacture of

herbicides. The sodium and calcium salts are used as food preservatives [11].

(ii) Condensation and Addition;
Propionaldehyde can undergo self-Aldol condensation to produce 3-hydroxy-2-methyl
pentanal which dehydrates to form 2-methyl-2-pentenal when heated, or cross-Aldol

condensation with other aldehydes or ketones, in the presence of an aqueous alkali or acid.

Propionaldehyde undergoes Aldol condensation with formaldehyde in the production of 2-
hydroxymetlhyl-2-methyl-l,3-propa.nediol for the manufacture of alkyl resins.

1.3. THE PRINCIPLE PROCESSES FOR THE COMMERCIAL PRODUCTION OF
ALDEHYDES

1.3.1. Hydroformylation

Propionaldehyde is commercially produced by the hydroformylation of ethylene. The annual
production of propionaldehyde using this method was estimated to be approximately 170 000 tons
in 1993 [12].

The hydroformylation (oxo0) process involves the reaction of an olefin (usually an a-olefin) with
carbon monoxide and hydrogen in the presence of a homogeneous catalyst to produce an aldehyde

or alcohol with one additional carbon atom [13][14].

The process was discovered by Roelen of Ruhrchemie in 1938 [14]. However, commercial scale
production only began in 1948 in America [13]. The process made use of cobalt catalysts until the
mid-1970's when Union Carbide and Celanese independently developed Rhodium-based catalysts

which are more active and selective for the aldehyde [14].

The oxo process is catalysed by transition metal catalysts but only cobalt and rhodium complexes



are used commercially [13].

Cobalt catalysts used for the hydroformylation of olefins can be divided into unmodified catalysts
and modified cobalt catalysts. The unmodified cobalt catalyst required high CO partial pressures
in order to ensure a good yield of straight chain product. The conventional cobalt catalyst required
reaction temperatures of 100-180°C, 20-25 MPa pressure and 0,1-1 weight percent Co to ¢-olefin
with a residence time of 1-2 hours and a ratio of H,:CO of 1:1 [13]. The byproducts include acetals,
diols and esters. In 1963 Shell mtroduced the first commercial cobalt/phosphene-ligand catalyst for
the production of 1-butanol. The introduction of an organophosphine ligand gives rise to the
formation of a catalyst complex which improves the selectivity for the straight chain alcohol. The
modified catalyst is also more thermally stable and can be used at lower reactor pressures (2-10
MPa) which has reduced capital and operating costs. However the ligand modified catalyst is less
active than the unmodified catalyst and requires a higher reaction temperature (150-210°C). The
modified catalyst also has significant hydrogenation activity to convert the aldehyde directly to the
corresponding alcohol and isomerisation activity to convert internal olefins to terminal olefins. The
modified catalyst system makes use of 2:1 H,:CO ratio [13]. The hydroformylation of ethylene
gives 90% conversion to propionaldehyde with 2-3% of the ethylene being converted to
condensation products [15]. Byproducts of the Co modified catalyst include almost 10% paraffins
but less acetals, diols and esters compared to the conventional process because of the lower
. aldehyde concentrations as a result of the hydrogenation activity of the modified Co catalyst.
Rhodium is more catalytically active than cobalt and favours aldehyde formation. The unmodified
rhodium catalyst favours branched products while the rhodium carbonyl-phosphine complex
catalysts favour linear products. The reaction condition are 100°C and 1,5 MPa with a CO partial
pressure of less than 0,3 MPa and a hydrogen partial pressure of less than 1,4 MPa. Union Carbide
has made use of modified rhodium catalysts for ethylene hydroformylation since 1975 [13].
Hydroformylation of ethylene produces 98-99% propionaldehyde, 0,5-1% ethane and 0,5-1% heavy
ends [15].

Hydroformylation is a complex process which proceeds stepwise through a series of consecutive
reactions. Most of these reactions are reversible and there appears to be more than one rate limiting
step in the overall reaction mechanism. The reaction is highly exothermic with about 125 kJ/mol

of energy released. The most crucial process variables are reaction temperature and the CO and H,
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partial pressure [13]. The process does suffer from several problems. These include catalyst
sensitivity to poisons such as strong acids, cyanides, sulphur, oxygen and dienes. The combination
of high pressure and relatively high temperature and long residence times make the process
expensive from an operations point of view. Another problem facing the process is the cost of the
catalyst and deposition of cobalt metal on the process equipment. This makes the addition of
- surfactants necessary further increasing the operating cost of the process. It is also difficult to

recover the catalyst from homogeneous solution which makes separation procedures expensive.

In the South African context ethylene is expensive compared to n-propanol. This together with the
problems associated with the hydroformylation process, have prompted an investigation into other
routes for the production of propionaldehyde. The commercial production of acetaldehyde is well
documented [3]{11][16] and will be described below since the production of propionaldehyde is

likely to follow a similar route.
1.3.2. Catalytic Dehydrogenation of Ethanol

In the dehydrogenation process ethanol is vaporised and passed over a chromium-activated copper
catalyst at 270 to 300 °C and 1 atmosphere pressure. The conversion is between 30 and 50 mole

percent and the selectivity to the aldehyde is between 90 and 95 mole percent [17].
1.3.3. Oxidation of Ethanol

The commercial production of acetaldehyde by oxidation of ethanol is well established [16].
Ethanol oxidation is carried out in the vapour phase over a copper or silver catalySt at 300 to 500
°C in the presence of air. The oxidation is controlled by diluting the ‘ethanol with steam.
Conversions of between 45 and 50 mole percent are achieved and the selectivity for the aldehyde

is in the range of 94 to 96 mole percent.

The oxidation and dehydrogenation processes have been combined in a process developed by
Braunschweigische Maschineenbauanstalt. This has solved the problem of heat supply during
dehydrogenation and heat removal during oxidation. Air, ethanol and steam are passed over a silver

catalyst at 375 to 550 °C to produce acetaldehyde [3] [18].



1.3.4. Direct Oxidation of Ethylene

The Wacker-Hoechst process for the oxidation of ethylene to acetaldehyde makes use of an
aqueous solution of palladium chloride and cupric chloride as catalyst [11]. The palladium chloride
converts the ethylene to acetaldehyde generating palladium metal and hydrogen chloride in the
process. The cupric chloride then reacts with the palladium to reform the palladium chloride
catalyst. The cupric chloride is in turn regenerated with oxygen and hydrogen chloride. The
Wacker-Hoechst process has to a large extent feplaced the other processes for the production of
acetaldehyde. There are two variations of the process, a single stage process and a double stage

process, however the basic principle remains the same for both processes.
1.3.5. Acetylene Hydration

Acetaldehyde has been produced commercially by the hydration of acetylene since 1916. However,
this process has been surpassed by the direct oxidation of ethylene.

1.4. METHYL METHACRYLATE (MMA)

Methyl methacrylate (MMA) is widely used in the polymer industry for a range of products from
acrylic sheets and surface coatings to synthetic latex and moulded products [1]. Expected expansion
of the local MMA market together with the availability of n-propanol as a byproduct of the Fischer
Tropsch reaction, have made the development of an alternative route for the production of MMA

highly attractive.

Traditionally MMA has been produced via the acetone cyanohydrin (ACH) process and most of
the MMA produced worldwide is still made via this process. Undesirable byproducts of the process
(ammonium sulphate) and the dangers involved in handling hydrogen cyanide have prompted efforts
to develop alternative routes for the production of MMA.

1.4.1. C, Direct Oxidation Route

Isobutylene, isobutanol or tertiary butanol are used as raw materials and are oxidised over
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multicomponent metal catalysts (containing bismuth, molybdenum and several other metal
promoters [1l9]), to methacrolein which is further oxidised to methacrylic acid [1]. MMA is
produced by the esterification of methacrylic acid with methanol. Nihon Methacryl Monomer (a
joint venture between Sumitomo and Nippon Shokubai) and Mitsubishi Rayon have commercial
plants which utilise this route [19].

1.4.2. The Propylene Process

This process involves the reaction of propylene, carbon monoxide and water in the presence of a
strong acid catalyst (such as sulphuric acid, hydrogen fluoride and boron fluoride) [19] to give
isobutyric acid. This is followed by oxidative dehydrogenation. The process is not in commercial
operation at present but patents are held by Réhm, Ashland Oil, Sinclair Refining and Chemical
Systems [19].

1.4.3. The Propionaldehyde Route

BASF produce propionaldehyde by ethylene hydroformylation. The propionaldehyde is condensed
with formaldehyde to give methacrolein. Methacrolein is catalytically oxidised in air to produce
methacrylic acid which undergoes catalysed esterification with methanol to give MMA [1].
Propionic acid can also be used as a feedstock for the production of MMA via methyl propionate

or methacrylic acid intermediates.

Amoco have developed a variation of this process which uses a si]ica-supported cesium ion catalyst
for the vapour condensation of formaldehyde with propionic acid to form methacrylic acid. The
propionic acid for the reaction is produced from ethylene via the modified Monsanto acetic acid

process [1]. Alternately propionic acid can be produced by the oxidation of propionaldehyde.

Despite these new developments none of the newer processes are sufficiently superior to the
acetone cyanohydrin process to warrant scrapping the existing plants [19]. Alternate technology

is béing used for any new plants that are to be built in the future.



1.5. DEHYDROGENATION OF ALCOHOLS BY COPPER CATALYSTS

Copper has been widely used as a catalyst in both supported and unsupported forms. Supported
copper catalysts are used extensively in the dehydrogenation of lower alcohols to aldehydes and

ketones [6].
1.5.1. The Effect of Chrome Promoter on the Life of Copper Catalysts

Copper remains one of the most active and widely used industrial catalysts for the dehydrogenation
of ethanol [20]. However, copper sinters above 300 °C [21] and exhibits low activity below 210
°C [9]. According to Pines et al {22] and Tonner et al [23] copper chromite catalysts were first
developed by Homer Adkins in 1931 to increase the stability of the catalyst with respect to sintering
and fouling. Fresh copper catalysts deactivate with time but if chromium is added the activity has

been found to remain fairly constant {20].

Prasad et al [20] studied the activity of a 16,1 % copper; 83,9 % silica catalyst. The catalyst
showed deactivation from 78,6 molé % conversion to 47,5 mole % over a 100 hour period.
Comparison of the fresh and spent catalysts by means of XRD and SEM showed a growth in the
crystallite size after reaction. A catalyst with 16,1 % copper; 1,4 % Cr,0, and 82,5 % SiO, gave
conversions of 82,4 mole % which decreased to 68,5 mole % over 100 hours on line. It was found
that the copper surface area of the promoted catalyst was almost double that of the unpromoted
catalyst. Prasad et al found that the chromia in a copper-chromite catalyst doesn't undergo sintering
at the reaction temperature used in their study (310°C) ie. it has a low mobility at this temperature.
The deactivation that took place was mainly due to carbon deposition on the active surface of the
catalyst. The amount of carbon present amounted to 1,06 weight percent {20]. Madhusudhan Rao
et al [24] also found that chromium-containing copper catalysts showed very high copper surface
areas compared to catalysts without chromium. Chromia appeared to maintain the dispersion of the
metallic copper when the CuO was reduced during pretreatment. It is thought that chromia
mterferes with the regular crystal growth of the copper. Chromia particles act as barriers between
crystallites of copper maintaing dispersion. They found that the mean particle size of spent copper
catalysts containing SiO, and Cg Oy was between 5 and 6 nm compared to 38 nm for copper

catalysts supported on SiO, alone. They presented these results as evidence for the effectiveness



of chromium in controlling the growth rate of copper crystallites. |

Tonner et al [23] in contrast, postulated that the presence of chromia prolonged catalyst activity by
promoting the breakdown of carbonaceous polymerisation products during the dehydrogenation of
methanol over a copper catalyst. They observed that at high hydrogen partial pressures the catalyst

reduces completely to copper supported on chromia.

The reaction can be written as follows;

CuO +H, - Cu+ Hzo (D
Cu+ CUCI’204 - CU;CI'204 . (2)
CUzCI'204 + H2 e 4 . 2Cu+ CI'203 + H,0 (3)

“Reaction (1) and (2) occur very rapidly and reaction (3) occurs more slowly. At low hydrogen
partial pressures (101 kPa) reaction (3) doesn't proceed to completion and the active form of the
catalyst is likely to consist of copper supported on cuprous chromite (Cu,Cr,0,) or copper/chromia
surrounding a core of CuCr,0, [25]. They did find however, that cdppe_r chromite catalysts exhibit a
reduction in activity compared to unpromoted copper catalysts. They suggested that this was due to
an electronic interaction between the catalyst and the chromium support. The high copper surface
area and the good copper dispersion compensated for any loss in activity [26]. Doca and Segal [27]
tested Cw/Cr catalysts with a chrome content ranging from 0,5 to 1,5 atomic mass % and found that
the catalysts containing chrome had a lower initial activity compared to pure copper, but the
stability of the chrome-containing catalysts’durihg dehydrogenation, was better than that of the

copper catalysts. -
1.5.2. Active Sites for the Dehydrogenation of Primary Alcohols

There are two schools of thought regarding the valence state of copper in the sites possessing
dehydrogénation activity [5]. The research group at ICI support the view that Cu” metallic sites play
a central role while Klier and co-workers [28] support the view that Cu’ ions, dispersed in zinc
oxide, play a key role in the activity of the catalyst. This prompted Cunningham et al [5] to study
the dehydrogenatioh of 2-propanol over unsupported CuO, Cu,0O and copper metal. They found that

oxidised copper showed no activity over a 2 hour period. Exposure to 2-propanol resulted
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‘in reduction of the CuO surface and development of dehydrogenation activity. Therefore
dehydrogenation activity was not an intrinsic property of the CuO surface. Cu,O showed greater
resistance to reduction by the alcohol than CuO. This agrees with work carried out by Pepe et al
who found that fully oxidised copper was inactive [4]. Cunningham et al found that prereduced
copper showed an initial conversion of 23 % which declined to an insignificant level afier five hours
of exposure to 2-propanol They proposed that to mamtain high activity, Cu® and "oxidised" copper

 sites must be present simultaneously. This was bome out by the high conversions obt;ined (96,5%)

with a physical mixture of Cu”O and metallic copper. The catalyst mixture showed a decline in

conversion to 81% over a 5 hour period.

Cunningham et al concluded that the working surface of the catalyst consists of a mixture of copper
valence states. They ruled out short-range interactions on the basis that the amount of oxygen
required to enhance dehydrogenation activity or reverse deactivation was orders of magnitude
greater than reported in the literature for oxygen chemisorption on copper. They put forward long
range transfer events such as oxygen, hydrogen or alcohol spillover between metallic and oxidised

sites as an explanation for the observed results,

From 2-propanol adsorption isotherms it was found that metallic copper had a higher coverage of
2-propanol than the number of copper sites available and that the amount of 2-propanol adsorbed
. increased with the percentage of surface that was reduced. From this they concluded that the

alcohol underwent migration from the metallic sites to the oxidised locations.

Cunningham investigated these hydrogen spillover effects and found that hydrogen spillover' did
indeed occur during TPR studies of a physical mixture of Cu® and CuO [5]. This is in agreement
- with results obtained by Pepe et al [4] for CuO/AL,O, catalysts where they found that hydrogen was
activated on an AP site on ALO, as H~ H' pairs, via reverse spillover, and then transferred to the
neighbourhood of Cu * Q " pairs. Reduction was found to be less hindered when there was more

copper since the transfer distance was smaller.

Pepe et al [4] refute the hypothesis of Cunningham and co-workers of a mixed valence state model
[5]. Pepe et al studied the dehydrogenation of 2-propanol over copper on y-AlLO, catalysts and

found that fully oxidised copper was inactive and that a large increase in the Cu(I) content doesn't
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cause an increase in the activity. However, an increase in the surface content of Cu(0) parallels the
increase in kg, (kinetic constant per catalyst surface area). From this they infer that the Cu(0)
species is the only one responsible for dehydrogenation with the reduced copper being formed in

situ on being exposed to 2-propanol. This is in agreement with work carried out by Volta et al [29].

Schulz and Cox [30] studied the reaction of n-propanol on single Cu,O crystals. They found that
propanol adsorbs dissociatively on Cu,0(100) to form a propoxy surface intermediate via the loss
 of an acidic proton at the -OH group. The production of propionaldehyde was found to occur over
a wide temperature range. This is thought to be due to reactions occurring at different surface sites

and to the presence of multiple reaction pathways.

The scheme proposed by Schulz and Cox is given in Figure 1.1.

’ CH3CH=CH
|
‘ (unstable enol) OH
CH3CH2CH2 *———" CH3CH2CH?2 — g CH3CH2CH A
| ‘ | I \ L4+H
OH 0 . 0 \H\ 1
{n-propanol) (propoxy) (propionaldehyde)
CH3CH=CH
|
(enolate) o

CH2CH=CH
[
o CH3CH=CH2
(acrolein) -
(propene)

Figure 1.1. Reaction Mechanism for n-Propanol Proposed by Schulz and Cox.
1.5.3. Effect of Copper Content on Dehydrogenation Activity

Shivaraj et al studied the effect of copper loading in Cu-Al,O, catalysts on the dehydrogenation of
ethanol. The catalyst was prereduced in situ in hydrogen for 5 hours at 250°C [7]. Using XRD they
were unable to detect a copper containing phase with a copper loading of less than 22 weight
percent indicating that copper is present as a highly dispersed phase or in an amorphous state on

the y-AlLO;. CuO was detected for a copper loading of 22 to 34 weight percent. They observed
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a maximum rate of reaction of ethanol at a copper loading of 5 weight percent after which the rate
decreased as the copper loading on the copper-alumina catalyst was increased up to 16 weight
percent. Thereafter the rate only changed marginally with further increase in copper content. The
alumina support was found to have only dehydration activity in the temperature range 225 to
300°C and dehydrogenatioﬁ only became evident on addition of copper. High activity at low
copper loading may be due to the combined rates of dehydrogenation by the