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Effects of Organic Modifiers on a Palladium Catalyst in the
Competitive Hydrogenation of 1-Octene Versus Octanal:
An Evaluation of Solid Catalysts with an lonic Liquid Layer

Stuart F. Miller,”) Holger B. Friedrich,*® Cedric W. Holzapfel,” and

Venkata D. B. C. Dasireddy"™

The competitive hydrogenation between 1-octene and octanal
has been investigated with a ~5% palladium on alumina cata-
lyst prepared in situ with the following organic modifiers: pyri-
dine, 1-methylimidazole, 1,3-dimethylimidazole methylsulfate,
1,3-dimethylimidazole  bis(trifluoromethylsulfonyl)imide and
methyltri-sec-butylphosphonium methylsulfate. The results of
these investigations indicate that the ionic liquid modifiers
have significant and specific effects on catalytic performance,

Introduction

Competitive hydrogenation between inter-molecular functional
groups is a relatively unexplored area compared to intra-mo-
lecular versions. As a result of current methods in the industrial
production of hydrocarbons, downstream industrial feedstocks
may contain several species of unsaturated molecules." For ex-
ample, in the hydroformylation of alkenes by homogeneous
Rh catalysts, the product may contain unreacted alkenes with
aldehydes."? Further chemical manipulations of such product
streams often require the removal of one or more minor con-
stituents to prevent either undesired side reactions or catalyst
poisoning."“? Hydrogenation by heterogeneous catalysts is
often used to remove catalyst poisons such as alkynes and
dienes.” As a result, a catalyst that is selective for the hydroge-
nation of one or related components versus others in a multi-
component feed is desirable.

Heterogeneous catalyst modification by either inorganic or
organic modifiers has been used to either increase the intrinsic
activity of a catalyst or its selectivity. For example, cinchonidine
has been used to promote asymmetric catalytic hydrogena-
tions®™ and site modification by CO has been used to enhance
reaction selectivity.”) Pyridine has found use as a modifier of
heterogeneous catalysts.”) Indeed, N-containing organic com-
pounds have found widespread use as organic modifiers of tra-
ditional heterogeneous catalysts.®
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for example, certain systems can completely suppress octanal
conversion. In addition, analytical techniques reveal that the
matrix and quantity of organic species on the used catalysts
are different if different ionic liquids are used as modifiers. Sur-
face studies also reveal that the modifiers have a noticeable
effect on the crystallite size and chemisorption properties of
the catalysts.

The additions of other metals are also seen as modifiers of
traditional mono-metallic catalysts. They form multi-metallic
catalysts with enhanced selectivity and increase catalyst stabili-
ty for a variety of reasons, both electronic and morphologi-
cal.e”

As a result, a potential plethora of catalytic performance
modifications exist with both inorganic and organic modifiers.
Investigations with ionic liquids in continuous-flow processes
have focused traditionally on supported ionic-liquid-phase
(SILP) catalysis, whereby a homogeneous catalyst is dissolved
in an ionic liquid, which is itself supported on common porous
and non-porous heterogeneous supports such as alumina and
other metal oxides.” These reactions are performed typically
under gas-phase conditions.

Recently, a new concept with ionic liquids and heterogene-
ous catalysis has emerged. The solid catalyst with ionic liquid
layer (SCILL) is effective to alter the selectivity and intrinsic ac-
tivity of a number of different reactions, which include com-
petitive hydrogenation between two different substrates.”’ In
particular, the selective hydrogenation of citral to citronellal
with Pd-based catalysts"” has been investigated, with im-
proved selectivities towards citronellal.""

The SCILL catalysts described to date have shown that the
ionic liquid layers remain intact on the catalyst in both batch
and trickle-bed conditions. However, it is still unknown to what
relative extent transport effects (if any) and crystallite modifica-
tion effects contribute to the SCILL catalyst behaviour. Diffu-
sion effects have been claimed to have no effect,*” however,
the idea that diffusion effects do not play any role has been
challenged.®*“ In addition, no relation or comparison has been
made with traditional organic catalyst modifiers such as pyri-
dine.
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In the hope that Pd SCILL catalysts may have different ef-
fects on the hydrogenation performance with respect to indus-
trially important alkenes and aldehydes in competitive modes,
a series of ionic-liquid-modified Pd on alumina catalysts (~5%
w/w) were used in the competitive hydrogenation between 1-
octene and octanal (1:1 v/v, 2% each in hexane) under contin-
uous-flow conditions. A comparison with the effects of some
traditional organic modifiers, such as pyridine and 1-methylimi-
dazole, are also included in this study. The following com-
pounds were used as modifiers in the in situ preparation of
these catalysts: pyridine, 1-methylimidazole, 1,3-dimethylimida-
zole methylsulfate ([MMIM][MeOSOs]), 1,3-dimethylimidazole
bis(trifluoromethylsulfonyl)imide (IMMIM][NTf,]) and methyltri-
sec-butylphosphonium methylsulfate ([MePsec-Bu;][MeOSO;]).
The structures of these modifiers are shown in Figure 1.
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Figure 1. Structures for the different organic molecules used to modify the
5% Pd on alumina catalyst.

Results and Discussion

Hydrogenation of 1-octene and octanal over a 5% Pd on
alumina catalyst

To determine the effects of the modifiers in question on the
competitive hydrogenation between 1-octene and octanal, the
performance of the uncoated (no ionic liquid) catalyst at differ-
ent iso-conversion points was first established. For the purpose
of this discussion, iso-conversion is defined as the constant
conversion attained once steady state has been achieved in
a continuous-flow reaction.” Typical reaction profiles at 40%
conversion of octanal and 1-octene are shown in Figure 2. By-
products include diols and acetyls amongst others. The in-
crease in octanal and 1-octene content over time, until steady
state is reached, is because of a decrease in the ability of the
catalyst to convert the respective substrates (initial catalyst de-
activation).

To avoid confusion, the unreacted mixture, before passing
over the catalyst bed, is seen to contain 100% 1-octene and
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Figure 2. A typical reaction profile for the hydrogenation of a) octanal to oc-
tanol and b) 1-octene to octane with the uncoated catalyst (T=130°C,
P=50 bar, GHSV=319.49 h™' and LHSV 24.02 h™").

100% octanal. However, for a meaningful comparison we
would like to focus on the conversion (obtained at steady
state with a minimum time of 7 h on stream) versus liquid
hourly space velocity (LHSV) plots (Figure 3a). Furthermore, in
general terms, intrinsic reactivity is defined as the rate at
which a catalytic cycle turns over on an active site, which is ex-
pressed in terms of a logarithmic function that is proportional
to the number of active sites present on the catalyst."” The in-
trinsic activity is defined as the LHSV required to bring about
a 50% conversion.!"?

The conversion data for the uncoated catalyst are shown in
Figure 3a. It is evident that the LHSV versus conversion follows
a logarithmic trend. The ranges of the octanal and 1-octene
conversions do not overlap (LHSV values at which both 1-
octene and octanal convert) and the catalyst is more active to-
wards 1-octene conversion than octanal conversion. This is in
agreement with the knowledge that Pd is known as an effec-
tive catalyst for C—C bond hydrogenation.

The conversion data for the pyridine-modified catalyst are
shown in Figure 3b. Pyridine is a known catalyst modifier,”
and it is noticeable that the modification by pyridine results in
the formation of a slightly more intrinsically active catalyst (in-
trinsic activity defined as the LHSV required to bring about
a 50% conversion; Table 1)'? in the conversion of both 1-
octene and octanal. Additionally, there seems to be a slight in-
crease in the intrinsic reactivity of the catalyst (defined as the
gradient or slope of the logarithmic function;' Table 1) for
both 1-octene and octanal conversion, which implies an im-
provement on the speciation/numbers or efficiency of the cat-
alyst sites responsible for the conversions.
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Figure 3. Iso-conversion points of both 1-octene and octanal plotted to the LHSV values required to obtain them
with the a) uncoated, b) pyridine-modified, c) 1-methylimidazole-modified, d) [MMIM][MeOSO;]-modified,
e) [IMMIM]INTf,]-modified and f) [MePsec-Bu;][MeOSO;]-modified catalyst (T=130°C and P=50 bar).

shown in Figure 3d. There is
a dramatic change in the intrin-

1-Octene conversion

Octanal conversion

Table 1. Chemical and physical properties of Pd/y-Al,O; catalysts.

Coating Reactivity® Activity®™  Reactivity® Activity®
[%h] (LHSV, [h™")) [%h] (LHSV, [h)
uncoated —27.6 4688 —235 16
pyridine —283 6463 —243 19
1-methylimidazole —36.3 2201 —233 9
[MMIM][MeOSO;] —743 872 ~0 ~0
[MMIM][NTT,] —254 5132 —233 2
[MePsec-Bu;][MeOSO;] —21.2 388 ~0 ~0

[a] Defined as the gradient of the logarithmic function."? [b] Defined as
the LHSV (defined as the volume of liquid flow through a constant
volume of catalyst in an hour) required to bring about a 50% conversion.
Values listed as ~0 are below the detection limit (T=130°C and P=
50 bar).l'?

The conversion data for the Pd catalyst coated with 1-meth-
ylimidazole are shown in Figure 3c. There is a larger effect on
the intrinsic activity and reactivity of both 1-octene and octa-
nal conversion compared to the reaction over the pyridine-
modified catalyst. However, the effect is different from the pyr-
idine modification. The intrinsic reactivity of 1-octene conver-
sion is greater (larger gradient) but the intrinsic activity has di-
minished (lower LHSV) compared to both the uncoated and
pyridine-modified catalysts. With regards to octanal conversion,
the intrinsic reactivity is similar to that of the uncoated catalyst
but the intrinsic activity is decreased. Structurally (with regard
to the geometric arrangement of atoms), 1-methylimidazole is
in respects similar to pyridine as they are both sp? hybridised

ChemCatChem 2015, 7, 2628 - 2636 www.chemcatchem.org

2630

sic activity and reactivity in the
conversion of 1-octene com-
pared to that of the uncoated
catalyst. There is a decrease in intrinsic activity and an increase
in intrinsic reactivity as evidenced by the slope of the trend
line. With regards to 1-octanal hydrogenation, the ionic liquid
completely inhibits the reaction, at least within the limits of
the reactor capabilities. This shows that the ionic liquid dis-
criminates strongly between 1-octene and octanal hydrogena-
tion and increases the selectivity of the catalyst to 1-octene
conversion and increases its intrinsic reactivity (Figure 3d)."

To investigate the effect that a change in the anion would
have on the intrinsic activity and reactivity of 1-octene and oc-
tanal conversion, [MMIM][NTf,] was used as a modifier, and the
results are shown in Figure 3e. There is a slight increase in the
intrinsic activity of 1-octene conversion with a decrease in the
intrinsic reactivity compared to that of the uncoated catalyst.
There is also a strong effect on the octanal conversion. Al-
though there is no outright inactivity compared to the [MMIM]
[MeOSO;]-modified catalyst, there is a large decrease in the in-
trinsic activity compared to the uncoated catalyst, the pyri-
dine-modified catalyst and the 1-methylimidazole-modified
catalyst.

The effects of coating the catalyst with the ionic liquid
[MePsec-Bu;][MeOSO,] are shown in Figure 3 f. There is a signifi-
cant change to both the intrinsic activity and reactivity of 1-
octene conversion, and both the intrinsic reactivity and activity
of the reaction decrease the most out of all the modified cata-
lysts. As with the [MMIM][MeOSO;]-modified catalyst, the
[MePsec-Bu;][MeOSO;]-modified catalyst was inactive in the
conversion of octanal.

The results of the conversion of 1-octene and octanal show
that the ionic-liquid-modified catalysts have a very significant
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effect on the intrinsic reactivity and activity of the reaction
(Table 1). Especially, the selectivity of the product obtained
from the conversion of a particular reactant is an important
aspect that ionic-liquid-modified catalysts have been shown to
alter in a number of related hydrogenation reactions. The
product selectivity of the hydrogenation reactions versus their
corresponding iso-conversion level for both 1-octene and octa-
nal are summarised in Tables 2 and 3.
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The 1-methylimidazole-modified catalyst exhibits a similar
trend to the uncoated catalyst with regard to the product se-
lectivity versus iso-conversion of 1-octene, except the product
selectivity to octane is lower. This suggests that the modifica-
tion effect on the catalyst is different from that of pyridine but
that it still has a depressive effect on the relative rate of unsa-
turated C—C bond hydrogenation. The trend in selectivity
versus the iso-conversion of octanal is, however, different from
that of the uncoated catalyst and is similar to that of
the pyridine-modified catalyst. The potential reasons

and P=150 bar).

Table 2. Iso-conversion of 1-octene versus the mol fraction of converted 1-octene to
octane over the range of iso-conversion points with the modified catalysts (T=130°C

for this are similar to those for the pyridine-modified
catalyst.
The [MMIM][MeOSO;]-modified catalyst also shows

Coating % Conversion/selectivity to octane [mol fraction]

uncoated 10:0.60 30:0.71 40:0.67 60:0.73 80:0.76
pyridine 27:0.57 40:0.56 50:0.55 65:0.53 75:0.58
1-methylimidazole 20:0.53 45:0.58 50:0.60 70:0.65 78:0.69
[MMIM][MeOSO;] 10:0.30 25:0.41 50:0.43 75:0.53 90:0.69
[MMIM][NTf,] 25:0.50 33:0.46 60:0.57 80:0.66 93:0.75
[MePsec-Bu;][MeOSO;] 10:0.47 35:0.44 60:0.47 75:0.43 80:0.45

a trend in selectivity versus iso-conversion of 1-
octene similar to the uncoated catalyst. However, the
general level is far lower than that of the uncoated
catalyst (as much as half the selectivity at lower con-
version levels), the pyridine-modified catalyst and the
1-methylimidazole-modified catalyst. Furthermore,

the catalyst is inactive in the hydrogenation of octa-
nal.

(T=130°C and P=50 bar).

Table 3. Iso-conversion of octanal versus the mol fraction of converted octanal to oc-
tanol over the range of iso-conversion points with the differently modified catalysts

The [MMIM][NTf,]-modified catalyst reveals a trend
that is also similar to that of the uncoated catalyst
with regards to 1-octene hydrogenation (increasing

Coating % Conversion/selectivity to octanol [mol fraction] selectivity with increasing iso-conversion). As with
uncoated 7:10 17089 30086 54080 87087 | he [MMIMIMeOSO;]-coated catalyst, the general se-
pyridine 13:0.94 23:0.97 37:0.92 47:0.98 86:0.94 lectivity to octane is lower than that of the uncoated
1-methylimidazole 16:0.71 36:0.91 46:0.92 75:0.94 82:0.92 catalyst but not to the same extent. However, in con-
[MMIM][MeOSO,] ~0 ~0 ~0 ~0 ~0 trast to the [MMIM][MeOSO,]-modified catalyst, this
IMMIMIINTF] 9:1.0 19:1.0 26:0.90 49:0.87 91:0.89 talvst five i tanal hvd i d it
[MePsec-Bu.JMeOSO,]  ~0 ~0 ~0 ~0 ~0 catalyst was active in octanal hydrogenation and its

This selectivity versus iso-conversion of 1-octene hydrogena-
tion for the uncoated (no ionic liquid) catalyst reveals that as
the conversion increases, there is an increase in the selectivity
towards octane. This can potentially be explained by an in-
crease in residence time of the unsaturated alkene with the
catalyst to result in a relative increase in alkene saturation. The
selectivity versus iso-conversion of octanal reveals that as the
iso-conversion increases there is a decrease in the selectivity
towards octanol. This is understandable as alumina is known
to catalyse side reactions with oxygen-containing groups (that
is, aldol condensation) by its basic and acidic sites."” It stands
to reason that a decrease in LHSV and an increase in the con-
centration of octanol will result in an increase in byproduct for-
mation.

The pyridine-modified catalyst provides a lower but constant
level of selectivity to octane versus iso-conversion. This implies
that the pyridine has modified the catalyst in a manner to de-
crease the relative rate of H, addition to the unsaturated C—C
bond. Interestingly, the selectivity to octanol is also relatively
constant but at a much higher average level compared to that
of the uncoated catalyst. It is known that acidic sites on alumi-
na are in part responsible for byproduct formation,™* so it is
to be expected that the basicity of pyridine reduces the
number of these acidic sites.”® '
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selectivity to octanol decreases with increasing levels
of iso-conversion. Although the selectivity at lower
levels of iso-conversion is higher than that of the uncoated
catalyst, it decreases after 39% conversion. This implies that
there may be an effective concentration level after which by-
product formation starts to occur.

The [MePsec-Bu;][MeOSO;]-modified ionic liquid shows a con-
stant and reduced level of selectivity, compared to the uncoat-
ed catalyst, with increasing levels of iso-conversion of 1-
octene. This trend is similar to that of the pyridine-modified
catalyst, albeit at a lower level of selectivity to octane, and in
addition to this, the catalyst is inactive in the hydrogenation of
octanal to octanol.

Catalyst characterisation

To reveal some of the reasons as to why these organic modifi-
ers can have such dramatically different effects on the uncoat-
ed Pd catalyst, a series of surface and analytical experiments
were conducted. These included BET surface area analysis be-
tween the used and freshly prepared catalysts, diffuse reflec-
tance infrared transmittance spectroscopy (DRIFTS), inductively
coupled plasma optical emission spectroscopy (ICP-OES), ther-
mogravimetric analysis with differential scanning calorimetry
(TGA-DSC), high-resolution transmission electron microscopy
(HRTEM), scanning transmission electron microscopy (STEM)
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- - from the catalyst surface, TGA-DSC, DRIFTS and ICP-
Table 4. BET surface area, pore volume, pore width and sulfur content analysis of the
freshly prepared and used catalysts. OES were used to analyse the used catalysts. The
TGA-DSC analysis and DRIFTS spectra of the ionic-
Coating Suzfaf]e area Pore3 vglume Pore width S content liquid-modified catalysts are shown in Figure 4.

(mg | em’g ] (A we el Absorption bands in the region of 7=1060 and
uncoated fresh 190 0.62 131 - 1000 cm~" in the DRIFTS spectra are characteristic of
ZSEZ?rtlidfr::d :3? 8:23 11;(1) ~ S-0 'a'nd S=0 groups. The spectra of the ionic-liquid-
pyridine used 160 0.48 120 _ modified catalysts reveal some peaks in these areas
1-methylimidazole fresh 175 0.57 126 - that may originate from the ionic liquid. The absorp-
T-methylimidazole used 153 040 106 - tion bands in the region of #=2960-2850 and
Emmmm:g:gj Lf:g 13; 8:;2 Bi :z; 1470 cm™' are characteristic of CH, stretching fre-
[IMMIMI[NTF,] fresh 56 0.25 182 86 quencies, which are most likely present because of
[MMIM]INTf,] used 101 036 142 0.0 the reaction products and reactants adsorbed onto
[MePsec-Bu;][MeOSO;] fresh 42 021 199 47 the catalyst surface as well as the ionic liquid sub-
[MePsec-Bu;lMeOSO] used 85 0-27 128 20 stituents or decomposition products thereof. These

results suggest that the ionic liquid, or remnants of
it, may still be present on the catalyst surface, at

under high-angle annular dark- least as a thin molecular layer.
field conditions (HAAD) and
chemisorption with H, and CO.

The results of the BET analysis
can be seen in Table 4. It is quite i i
apparent that with the uncoated (a) = )
catalyst there is a decrease in 2.3 @
the surface area, pore volume gy =
and pore width of the catalyst g E1 2 % "1
from the freshly prepared cata- :; g“"’ "%ﬁ E “1
lyst to the used catalyst. This is et E{ & &
most likely the result of strongly S:f a o]
adsorbed carbonaceous deposits Y :
produced during the hydrogena- L - 430 %00 3050 w0 2am0 170 1800 1350 0w 740 w60
tion reaction. The pyridine-modi- o W ) 40 Wave number (cm )
fied catalyst also reveals lower . .
BET values for the used catalyst s (e)
compared to the freshly pre- - IR EE
pared catalyst. However, the dif- s ? g w0l
ference is less than that of the R 2
uncoated catalyst. The 1-methyli- ’Ef’ 2 E’ ]
midazole-modified catalyst also B 3; E 7
follows this trend; however, the 50 3 ;: 159
values are similar to those of the ! 1 S,

T ore 4000 3500 3000 2500 2000 17%0 1500 1250 1000 750 800
pyridine-modified catalyst. Inter- d e Viom

estingly, the ionic-liquid-modi-
fied catalysts all show an in-
crease in surface area from the
freshly prepared catalysts to the
used catalysts. This is also the
case for the pore volumes of
these catalysts, but the opposite
trend occurs with the pore
widths. In general, this suggests
that there may be a loss in the
content of the ionic liquid layer
during the reaction.

To determine if the ionic
liquid layers of the ionic-liquid-
modified catalyst were removed
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used catalysts modified with d) [MMIM][MeOSO;], e) [MMIM]
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However, TGA-DSC of these catalysts (Figure 4) revealed dra-
matic differences between them. The [MMIM][MeOSO;]-modi-
fied catalyst reveals a weight loss of approximately 18% with
an associated exothermal peak at 323 °C. The exothermal peak
is characteristic of a decomposition, and the corresponding
temperature is fairly close to that reported for the decomposi-
tion temperature of pure [MMIM][MeOSO,]."® This indicates
that the ionic liquid is still intact and that a significant amount
of it has remained. This is confirmed by the sulfur content
analysis by ICP-OES (Table 4). TGA-DSC of the [MMIM][NTf,]-
modified catalyst reveals a slight exotherm at 312°C with an
associated weight loss of around 17%. However, the sulfur
content analysis (Table 4) indicates that the ionic liquid has not
remained intact; this is supported by the relatively small exo-
therm found by DSC. The weight loss may simply be caused
by carbonaceous material formed by an in situ decomposition
or alteration of the ionic liquid. Notably, the gradual loss of
weight between 150 and 500 °C with an associated gradual en-
dotherm has been attributed to a gradual loss of carbonaceous
materials."”! TGA-DSC of [MePsec-Bu,][MeOSO,]-modified cata-
lyst reveals no exotherms characteristic of ionic liquid decom-
position, however, there is a slight differential weight loss that
starts at approximately 350°C. The sulfur content analysis
(Table 4) reveals that a fair amount of sulfur remains on the
catalyst. This implies that the ionic liquid layer has not survived
intact and that an in situ decomposition has taken place to
leave sulfur fragments on the catalyst.

These results reveal that the insitu preparation of ionic-
liquid-modified catalysts can result in dramatic differences in
the surface characteristics of the catalysts, which depends on
the type of ionic liquid used and may translate into differences
in catalyst performance.

HRTEM analysis, particle size analysis by STEM and chemi-
sorption of the used catalysts were conducted to determine if
the in situ preparation and use of organically modified cata-
lysts have any effect on the morphological and chemical prop-
erties of the Pd crystallites. The results of these analyses can
be seen in Table 5 and Figure 5. An example of an image ob-
tained by HRTEM can be seen in Figure 5a. The crystallites
present are of a uniform nature, that is, whole crystallites with
no observable defects, apart from plane interfaces. This was
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Figure 5. a) HRTEM image and b) STEM image under HAAD conditions of
a Pd crystallite from a 5% Pd on alumina catalyst.

found with all the catalysts analysed. Furthermore, an image
obtained for STEM analysis under HAAD conditions is shown in
Figure 5b, a minimum of 300 particle measurements over 20
images were used to calculate the average particle size
(Table 5).

Chemisorption studies of SCILL Pd on silica catalysts have
been conducted before,"® however, these were unused ex situ
prepared catalysts (pre-reduced catalysts, followed by a coating
of ionic liquid) with intact ionic liquid layers, analysed to con-
firm the assumption that a layer of ionic liquid (known for
their low solubilities of H, and CO) will reduce the amount of
absorbed H, and CO on the catalyst.

To the best of our knowledge, this is the first time a compari-
son has been made between used in situ prepared (coated cat-
alysts reduced in situ) SCILL Pd on alumina catalysts and those
modified by traditional organic modifiers with the hope to cor-
relate catalyst performance. As part of our investigation, we
used a standard model for crystallite size determination (for

ease of comparison between H, chemisorption, CO
chemisorption and STEM analysis) using an assump-

Table . Crvetallite o P ot e by STEM and chemisorori tion of complete coverage by the gases and a stoichi-
teaCh:ifq,.uesl"ySta ite size and metal surface area analysis by and chemisorption Ometry faCtOr Of 1 fOr CO and 2 fOr Hz. These faCtOr
values are used commonly, although the most accu-
Coating STEM Crystallite size Metallic surface rate values are disputed_[m

(nm] (nm] area [m’g ] The crystallite size analysis by STEM for the uncoat-
o HZ © - ed catalyst reveals an average size of around 10 nm.
uncoated 103" 264" 103" 19:4£4" 49431 Thig s supported by the H, chemisorption analysis,

pyridine 7429 18 44" 742" 484-4" 72420 . .
1-methylimidazole 71 40l 27 4 2 9130 244 59438 | Which reveals a good correlation between the two
[MMIM] 10+ 3% 394 50! 154 30 134 50! 34+ 30! techniques. CO chemisorption, however, gave
[MeOS0;] . Y . Y . a much larger average crystallite size at approximate-
mi";x]c[_'\ézz]] 1;iim iiii“’] éi‘]‘[bl Eii“’] g:i?“ﬂ ly 26 nm, and the rat'io betwee'n the STEM an;.alyses is
(MeOSO,] 1:2.5. CO has multiple bonding conformations to
transition metals, for example linear on top, bridged
[a] Standard deviation. [b] Percentage error. or hollow bonding using 58 and 2* orbitals."** The
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different energies associated with these bonding modes result
in the dependence of the amount of CO bonded on the cover-
age (that is, relative pressure of C0)."*®! In addition, the relative
numbers of different bonding sites (that is, plateau, hollow, ter-
race or steps; Figure 5a reveals some of these sites) affects the
amount of CO bonded."*' The electronic state of the metal
caused by modifications may also have a direct influence on
the bonding of CO.I"*d This, along with the data obtained, sug-
gest that a stoichiometry factor of 2 for CO is an accurate
value. However, as there are already many in-depth investiga-
tions into the nature of CO chemisorption on palladium cata-
lysts,"*>>f this study will focus on the differences in chemi-
sorption of CO (seen as changes in crystallite size) between
the different catalysts as a potential measure on the catalytic
performance of the catalysts with regards to the binding and
reaction of carbonyl compounds.*® Interestingly, the pyridine-
and 1-methylimidazole-modified catalysts have an average
crystallite size of around 7 nm (by STEM analysis). This suggests
that these modifiers may have an effect on the size of the Pd
crystallites. H, chemisorption analysis confirms this for the pyri-
dine-modified catalyst. However, the H, chemisorption results
for the 1-methylimidazole-modified catalyst reveal a larger
average crystallite size, which is potentially the result of a hin-
drance in H, adsorption because of the chemically modified
surface, and may be in part responsible for the differences in
the intrinsic activity observed between these two catalysts. A
similar observation can be seen from the CO chemisorption
analysis, in which the ratio of STEM analysis to CO chemisorp-
tion analysis is 1:2.6 and 1:2.9, respectively. If we take the crys-
tallite sizes measured directly (STEM analysis) into account, the
ratio of these and the uncoated catalyst tend to follow the
trend in intrinsic activity of octanal conversion.

The [MMIM][MeOSOs]-modified catalyst has an average crys-
tallite size of around 10 nm, which is similar to that of the un-
coated catalyst. However, the H, chemisorption analysis re-
vealed an average particle size of around 14 nm. This suggests
that the H, molecules used in the chemisorption analysis are
hindered in their chemisorption to the Pd crystallites, possibly
because of the ionic liquid molecular layer or decomposition
products. This, in general, correlates with the catalytic results
of the intrinsic activity and selectivity versus the iso-conversion
of 1-octene between the uncoated and [MMIM][MeOSO;]-
modified catalysts. The crystallite size determined by CO chem-
isorption is approximately 39 nm, and the ratio to STEM analy-
sis is 1:3.9. Interestingly, the catalyst was inactive in the conver-
sion of octanal to octanol.

The [MMIM][NTf,]-modified catalyst has an average crystallite
size of 7 nm by STEM analysis, which confirms the H, chemi-
sorption analysis. Interestingly, this also correlates with the cat-
alytic intrinsic activity of this catalyst compared to the uncoat-
ed catalyst with regards to 1-octene conversion and crystallite
size. The CO chemisorption analysis reveals a larger crystallite
size compared to the uncoated catalyst. The ratio of STEM
analysis to CO chemisorption analysis is 1:3.6. These data fit
well with both the 1-octene and octanal conversion results, in
which there was a noticeable decrease in the intrinsic activity
of octanal conversion compared to the uncoated catalyst, but
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not inactivity, with a slight increase in intrinsic activity for 1-
octene conversion.

The [MePsec-Bu;][MeOSO;]-modified catalyst has an average
crystallite size of approximately 10 nm (STEM analysis). This is
similar to that of the uncoated and [MMIM][MeOSO;]-modified
catalysts. As with the [MMIM][MeOSO,]-modified catalyst, the
H, chemisorption analysis reveals a larger Pd crystallite size
and the intrinsic activity of the 1-octene conversion is lower
than that of the uncoated catalyst. As with the [MMIM]
[MeOSO;]- and [MMIM][NTf,]-modified catalysts, the CO chemi-
sorption analysis reveals a larger Pd crystallite size compared
to the uncoated catalyst, with the ratio of crystallite size to
STEM analysis of 3.6; the catalyst was inactive in the conver-
sion of octanal to octanol. These results show that an interest-
ing pattern emerges between the catalytic results and the
chemisorption analysis, and it may be possible to anticipate
the general catalytic results of ionic-liquid-modified catalysts
by chemisorption techniques together with STEM analysis.

Conclusion

The catalytic results from this study reveal that ionic-liquid-
modified catalysts have dramatic and specific effects and indi-
cate that they have a place alongside traditional organic modi-
fiers. They also have the ability to alter the catalytic per-
formance between different types of substrates selectively. Cat-
alyst characterisation studies reveal that the BET surface area
analysis of these catalysts can give an indication of a possible
loss in the content of ionic liquid but cannot be used as
a means to predict the behaviour of the intrinsic activity or re-
activity of a catalyst."? Diffuse reflectance infrared transmit-
tance spectroscopy, inductively coupled plasma optical emis-
sion spectroscopy, and thermogravimetric analysis with differ-
ential scanning calorimetry analyses of these catalysts reveal
that a relatively thick ionic liquid layer can survive the reaction
conditions. However, this is not a universal rule and ionic
liquid decomposition or removal can indeed occur. The de-
composition of the ionic liquid can potentially lead to a very
different matrix of surface modification, which depends on the
ionic liquid used. In addition to this, the in situ preparation of
the catalysts with different organic modifiers can have an
effect on the size of the Pd crystallites. However, chemisorp-
tion techniques coupled with scanning transmission electron
microscopy can reveal the size of the crystallites and potential-
ly give a general method for the anticipation of catalytic re-
sults.

These results highlight that the effects of ionic liquid modifi-
cation of traditional heterogeneous catalysts are many and
varied. In addition to any transport and/or modification effects,
crystallite size modification may also potentially be a factor. As
these varied effects are also dependent on the type of ionic
liquid used and the substrate catalysed, a large-scale investiga-
tion is required to appreciate the trends and modifications of
solid catalysts with an ionic liquid layer fully. This is especially
so if different metals and combinations of them are to be con-
sidered, as ionic-liquid-modified catalysts from this study and
others with different metal catalysts have shown to be effec-
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tive to alter reaction product selectivity, intrinsic reactivities
and intrinsic activities (compared to the uncoated catalyst).'”

Experimental Section

Catalyst preparation

Alkylation of 1-methylimidazole with dimethylsulfate:"® Pyridine

and 1-methylimidazole were obtained from Sigma-Aldrich, and
[MePsec-Bu,;][MeOSO,] was obtained from SASOL R&D. [MMIM]
[NTf,] was synthesised by an anion exchange of [MMIM][MeOSO,]
with Na(NTf,). NMR analysis was used to confirm the purity and
identity of the synthesised ionic liquids.

A Pd on alumina catalyst (/5% w/w) was prepared by the wet im-
pregnation of a crushed y-alumina support with palladium acetate
in dichloromethane at 50°C for 4 h. The resultant paste was dried
in an oven at 110°C for 2 h before it was calcined at 350 °C for 8 h.
The catalyst was pelletised to a size distribution between 300 and
600 um. The resultant catalyst was then coated with the following
organic modifiers: pyridine, [MMIM][MeOSOs], [MMIM][NTT,],
[MePsec-Bu;][MeOSO;] and 1-methylimidazole, to the equivalent
molar amount of 25 wt % of [MMIM][MeOSOQ;], by dissolving the re-
quired amounts of modifier in either methanol or dichloromethane
in a pill vial before the parent catalyst was introduced. The mixture
was allowed to evaporate slowly in a fume hood to obtain a dry
powder. The reduced metal catalysts were then generated in situ
in the reactor (50 bar H,, 15 mLmin~' H,, 180°C, 4 h) before com-
mencement of the reaction.

Catalyst characterisation

The average Pd crystallite size and crystallite morphology of the or-
ganically modified catalysts were determined by using a JEOL 2100
HRTEM, and approximately 300 particles were counted under
HAAD and STEM conditions for the crystallite size analysis. ICP-OES
(PerkinElmer Optima DV2100) was used to confirm the weight per-
cent loading of Pd as well as the sulfur content of the freshly pre-
pared and used catalysts. The BET pore size distribution and width
were determined by using a Micromeritics TRISTAR 3020 to resolve
the extent of change in pore volume, pore width and surface area
between the freshly prepared and used organically modified and
uncoated catalysts, all catalyst were placed under vacuum until
a stable 70 Torr was reached. Chemisorption experiments were per-
formed by using a Micromeritics ASAP 2020C using volumetric
techniques. The calculation of the crystallite size and metal surface
area was performed by using Micromeritics ASAP 2020C software
using an established formula."* DRIFTS spectra were obtained by
using a Shimadzu IRAffinity-1 FTIR spectrophotometer, and TGA-
DSC profiles of the used catalysts were obtained by using a TA SDT
Q600.

Catalytic testing

Hydrogenation experiments were performed in a concurrent
down-flow trickle-bed reactor with an inner diameter of 14 mm
and a length of 250 mm to give a volume of 38.5 cm’. If required,
the catalyst was diluted with carborundum (grit size 24) to main-
tain a constant catalyst bed volume, which prevented aniso-ther-
mal conditions with strongly active catalysts (high LHSV values).
The grit size is sufficient to prevent a large pressure drop across
the reactor tube. The rest of the reactor was packed with carbor-
undum, and quartz wool was used as a plug at the ends of the car-
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borundum and the catalyst bed, which serves as an efficient dis-
persant of the liquid phase."” A 1-octene 2.5% (v/v) with 2.5% (v/
v) octanal mixture in hexane was introduced into the reactor by
using an HPLC pump. The hydrogen was introduced with mass
flow controllers at a constant substrate to hydrogen ratio of 1:2.
The feed was dried with molecular sieves® and degassed with
argon®" to eliminate water and oxygen from the system. An argon
feed was supplied to the head space of the feed bottle to give
a slight positive pressure. The temperature and pressure of the re-
action system was kept at 50 bar and 130°C by a temperature-con-
trolled heating jacket with an internal sliding thermocouple. The
gas hourly space velocity (GHSV) and LHSV were adjusted concur-
rently to produce the different iso-conversions of 1-octene and oc-
tanal for each of the differently modified catalysts. The product
composition was analysed off-line by GC with flame ionisation de-
tection (FID; PerkinElmer Clarus 500). Compositions were calculat-
ed using the mass obtained from the off-line GC analysis, and the
conversion was obtained by determining the decrease in the com-
position of the substrate.
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