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HIGHLIGHTS

o Cu-Mg-Al mixed oxides promote
2-hexanol upgrading to liquid fuels.

« C9-C24 oxygenates and
hydrocarbons are main products.

o ~70% of the products are C9-C15
compounds for jet fuel applications.

« Product quality depends on the Cu
content.

« Reaction mechanism changes with
the base/metal site ratio.
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ABSTRACT

The gas-phase synthesis of high molecular weight compounds of application as liquid transportation
fuels from 2-hexanol was studied on Cu-Mg-Al mixed oxides with different copper content (0.3-
61.2%) and a Mg/Al = 1.5 M ratio. Catalysts were prepared by coprecipitation and characterized by several
techniques such as BET surface area, XRD, TPD of CO,, TPR and N,O decomposition. Yields of up to 87%
were obtained for compounds in the C9-C24 range, ~80% of which were suitable as jet fuels and the rest
as diesel substitutes. This product pool was a hydrophobic mixture of ketones, alcohols and hydrocarbons
with 160-200 g/mol average molecular weight and an O/C atomic ratio as low as 0.04. Because low cop-
per content catalysts are hard to reduce, on these materials the reaction occurs via a base-catalyzed
mechanism involving consecutive dehydrogenation, C—C bond formation, dehydration and hydrogena-
tion steps, that forms mainly even carbon atom number products. Partially reduced Cu™ atoms con-
tribute to promote a distinct pathway toward odd products. In contrast, on high copper content oxides
the reaction yields similar amounts of even and odd products and proceeds by a bifunctional Cu®-base
mechanism in which the C—C coupling is rate-limiting.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the increasing energy demand of the emerging
economies and the environmental impacts associated with green-
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house gas emissions resulting from combustion of fossil fuels,
among other factors, have motivated the search of new technolo-
gies for a sustainable production of transportation fuels. Thus, in
the last decades several strategies have been postulated for the
use of biomass as a renewable feedstock for this purpose. Unlike
fossil fuels, the CO, produced during combustion of biomass-
derived liquid fuels is consumed during plant growth. However,
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the current biofuel production is still far from being considered a
carbon neutral technology [1,2]. In addition to the technical advan-
tages, the use of liquid biofuels produced locally would generate
geopolitical and social benefits such as the reduction of foreign
oil dependency and the strengthening of the job market in the
agricultural, forest and fuel sectors [3].

In particular, production of two biomass-derived liquid fuels
(biodiesel and bioethanol), the so-called first generation biofuels,
has been recently commercially implemented in the transportation
sector. However, these solutions face technical limitations related
to the blending properties of the resulting biofuel, they represent
a small fraction of the total energy contained in the biomass and
they require many energy-consuming separation/purification
steps. In addition, production of first-generation biofuels entails
ethical concerns because of the consumption of edible resources
such as sucrose and triglycerides [4,5]. Contrarily, lignocellulose,
the most abundant carbohydrate in nature, can be obtained from
non-edible sources and therefore, offers an attractive option as
an inexpensive feedstock for the efficient liquid fuel production
in a biorefinery [6,7].

Lignocellulosic biomass can be treated by different procedures
such as gasification, pyrolysis and hydrolysis to obtain by further
processing, gasoline, gasoline components and fuels with specific
molecular weights, respectively [4,8]. In particular, chemical or
biological hydrolysis of lignocellulose is used to separate lignin
from sugars. The latter, in turn, can be converted in the biorefinery,
resulting in the production of valuable chemicals and transporta-
tion fuels [3,9].

Liquid transportation fuels consist of nonoxygenated hydrocar-
bons in the range of C5-C12 for gasoline, C9-C16 for jet fuel and
C12-C20 for diesel [4]. Since sugars have a high O/C atom ratio
(0:C=1:1) which is undesirable for liquid fuel applications, the
strategies to convert sugars must include oxygen removal as well
as C—C bond formation steps to obtain fuels with appropriate
distillation, thermal stability and flashpoint properties as well as
the suitable molecular weights for gasoline, diesel or jet fuel appli-
cations [4,10].

Several strategies have been postulated for the conversion of
carbohydrates such as glucose and xylose into liquid fuels. The
primary conversion of these sugars affords formation of hydrogen
and functional intermediates by a combination of reforming,
reduction and dehydration reactions. These intermediates, so
called “platform molecules”, comprise C4-C6 oxygenates such as
secondary alcohols, ketones, furan-derivatives and acids
[4,10,11]. For instance, West et al. [12] studied the transformation
of sorbitol and glucose on a PtRe/C catalyst and found that at 100%
sugar conversion the resulting organic phase contained ~20% of a
mixture of C4-C6 secondary alcohols with 2-hexanol being the
main constituent (up to 44% of the total secondary C4-C6
alcohols). Scheme S1 summarizes the biorefinery processing of
sugars toward platform molecules, in particular, toward formation
of secondary C6 alcohols [10,12]. These platform molecules can be
then converted in liquid transportation fuels or fuel additives by
different routes such as dehydration, alkylation and aromatization
or by C—C bond formation, hydrogenation and hydrodeoxygena-
tion [4,5,11,13]. In particular, Kunkes et al. [10] used bifunctional
Cu-Mg-Al mixed oxides, that we had successfully developed years
ago for 2-propanol conversion [14], for the upgrading of the C4-C6
fraction to C6-C12 compounds containing one or none oxygen
atoms. We showed that Cu-Mg-Al catalysts promote also other
reactions such as the gas-phase reduction of o,B-unsaturated
ketones by hydrogen transfer reactions [15] and the upgrading of
diols to valuable oxygenates [16]. In the last decade, other
researchers have shown that similar Cu-Mg-Al mixed oxides are
suitable catalysts for C—C coupling of methanol and ethanol [17],
aqueous-phase upgrading of bio-oil [18], total oxidation of

methane and other VOCs [19-21], synthesis of 1,2-propanediol
from glycerol [22], phenol hydroxylation [23] and cinnamaldehyde
hydrogenation [24], among many other applications.

Following the approach of Kunkes et al. [10], we recently pub-
lished our investigations on the synthesis of liquid transportation
fuels using 2-hexanol as a model “platform molecule” derived from
sugars [25,26]. We reported that the gas-phase conversion of
2-hexanol carried out at 100 kPa and 573 K on Cu-containing
mixed oxides with different acid-base properties produces high
yields (~90%) of a mixture of C9-C24 oxygenates and hydrocar-
bons either under inert or reducing atmosphere (gas-phase H,).
Around 65-75% of the C9-C24 product pool is in the carbon atom
range for jet fuel applications. The liquid product has an O/C atomic
ratio as low as 0.025. We found that the main reaction pathway
toward even carbon atom number products involves tandem dehy-
drogenation/C—C coupling/dehydration/hydrogenation reactions.
However, the reaction pathway shifts toward odd products under
operating conditions deprived of gas-phase hydrogen. We eluci-
dated the bifunctional nature of the catalytic process and the
participation of Cu® and acid-base sites in promoting the different
reaction steps. Also, we demonstrated that the relative abundance
of these sites determines the rate-limiting step.

In this work we continue our investigations on the 2-hexanol
upgrading by oxygen removal and C—C coupling reactions with
the aim of stablishing the effect of Cu content on catalyst activity
and selectivity. A set of Cu-Mg-Al mixed oxides with a wide range
of copper content (0.3-61.2 wt.%) was prepared, characterized by
several techniques and tested in the gas-phase conversion of
2-hexanol. The dependence of the reducibility and basic nature
of the mixed oxides on the copper loading was studied, as well
as how these properties affect the catalytic activity, selectivity
and quality of the liquid products. In particular, we investigated how
the odd/even carbon atom number product ratio, average molecu-
lar weight and oxygen content can be tuned by adjusting the cat-
alyst formulation. The influence of the balance between metal
and base sites on determining the rate-limiting step of the bifunc-
tional metal/base mechanism operating at high copper loadings
was demonstrated. Furthermore, evidence of the shift to a base-
catalyzed mechanism at very low copper contents was provided.

2. Material and methods
2.1. Catalyst synthesis and characterization

Binary or ternary catalyst precursors of Cu-containing mixed
oxides were prepared under similar conditions, as detailed else-
where [14]. In brief, the catalyst precursors consisting of hydroxy-
carbonates of the metal cations were obtained by co-precipitation;
an aqueous solution of the metal nitrates with a total cation con-
centration of 1.5M was contacted with an aqueous solution of
KOH and K,COs3 at a constant pH of 10. All the reagents were
analytical grade. After filtering, washing and drying at 363K,
precipitates were decomposed overnight in air at 773 K in order
to obtain the corresponding mixed oxide. In particular, a set of 9
ternary Cu-Mg-Al mixed oxides was prepared with a Mg/Al =
1.5 M ratio and different copper contents. These catalysts were
denoted as ZCuMgAl, where Z is the copper content expressed in
wt.% (Z=0.3-61.2 wt.%). Another set of mixed oxides was coded
as ZCuM;(My), where M; and My, stand for metal cations such as
Mg?*, APP*, or Ce*". Thus, Cu-Mg, Cu-Ce, Cu-Al and Cu-Mg-Ce
mixed oxides were obtained.

BET surface areas (SA) were measured by N, physisorption at its
boiling point using an Autosorb Quantachrome 1-C sorptometer.
The mixed oxide structural properties were determined by X-ray
Diffraction (XRD) technique using a Shimadzu XD-D1 instrument.
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The Cu chemical content of the catalyst was analyzed by Atomic
Absorption Spectrometry (AAS).

The catalyst base site number (n,) was measured by
temperature-programmed desorption (TPD) of CO, preadsorbed
at room temperature. Sample was exposed to a flowing mixture
of 3% of CO, in N, until surface saturation. Then, weakly adsorbed
CO, was removed by flushing with N,. Finally, the temperature was
increased to 773 K at a ramp rate of 10 K/min. The desorbed CO,
was converted into CH,4 on a Ni/Kieselghur catalyst held at 673 K
and then analyzed in a flame ionization detector (FID) [14].

Reduction of the copper phase was studied by temperature
programmed reduction (TPR) using 5% Hy/Ar at a flow rate of
50 cm®/min; the reactor was loaded with an amount of copper
(150 umol) [27] so that to meet the criteria of Monti et al. [28]
and Malet et al. [29]. Standard reduction was conducted at a heat-
ing rate of 10 K/min from 298 to 653 K. A mass spectrometer (MS)
in a Baltzers Omnistar unit monitored the hydrogen consumption.
Quantitative H,-uptakes were calculated by integration of the
experimental TPR curves; a previous calibration curve was carried
with pure CuO powder (Cicarelli, PA).

The dispersion of the metallic copper particles (D) was mea-
sured by a combination of TPR and N,O decomposition techniques.
Two consecutive experiments of TPR were carried out [30]; from

the first TPR experiment, Cul,; values in g Cu/g cat were obtained,
representing the total amount of reducible copper species up to
653 K. The degree of reduction reached by the sample at 653 K

was defined as Culp/Cul,s x 100, where Cuj, in g Cu/g cat is
the total copper content in the catalyst formulation measured by

AAS (Cuj,s = Z/100). The amount of surface metallic copper (Cu®)
in g Cu/g cat was determined after sample reduction and surface
re-oxidation to Cu,0 using N,O (2 Cu®+N,0 — Cu,0 +N,). The
N,O decomposition conditions (reaction temperature and pulse
volume) were carefully chosen to avoid bulk copper oxidation
[31]. Samples were exposed to pulses of N,O (5 x 1073 cm?) at
363 K until surface saturation. The evolved N,O and N, signals
were monitored by MS. Then, after flushing with Ar, a second
TPR experiment was performed up to 653 K to reduce surface
Cu,0. From the area (A®) under the TPR curve, the hydrogen uptake
was determined and Cu® was calculated considering the stoichiom-
etry of the reduction reaction (Cu,0 + H, — 2Cu° + H,0) [32,33].
Dispersion was defined as D = Cu®/Cul, = 200 x AS x F x MWc,/Z,
where A® is the area under the TPR curve in Ampere x s/g cat, F
is the calibration factor in mol Cu/(Ampere x s), MWc, is the
atomic weight of Cu in g Cu/mol Cu. The number of exposed Cu®
species was calculated as ncyo (mol/g cat) =157 x D x Z and the
average copper particle size as L (nm) = 6000/(pcy Scu) = 1.04/D,
assuming spherical particles, a copper density pc,=8.96 g/cm®
and a Cu surface density of 1.47 x 10'® Cu atoms/m? [34];
Scu (M?/g Cu) =D x 6.02 x 10%3/(1.47 x 10'° x MW,) = 644 D stands
for the metallic copper surface area.

Selected samples were analyzed by transmission electron
microscopy (TEM) using a JEOL 100 CX II instrument operated at
100 kV.

2.2. Catalytic testing

Vapor-phase conversion of 2-hexanol (C60L) was carried out at
573K and 101.3kPa in a fixed-bed reactor at contact times
(W/F,.) of 6-400 g cat h mol of C60L~". Before the catalytic tests,
catalysts were pretreated in a flow of N at 773 K for 1 h. Then, the
catalyst was reduced in situ in flowing H, (35 cm®/min) at 573 K
for 1 h. C60L (Aldrich > 98.0%) was introduced via a syringe pump
and vaporized into flowing N, or H, to give a pressure (PcgoL)
of 4.1 kPa. Reaction products were analyzed by on-line gas

chromatography using an Shimadzu GC-2014 chromatograph
equipped with flame ionization detector and a (5% Phenyl)-
methylpolysiloxane HP-5 Agilent capillary column. Response
factors were calculated using the method described by Scanlon
et al. [35] and in some cases they were obtained from Dietz [36].
Data were collected every 0.5 h for 5 h. Products were identified
using a Varian Saturn 2000 GC/MS with a NIST library of spectra.
Details are given elsewhere [25]. Products are denoted as CnO
(oxygenates), CnH (hydrocarbons), CnK (saturated ketones), CnUK
(unsaturated ketones), CnDK (diketones) and CnOL (alcohols),
where n is the carbon atom number in the molecule (n=3, 6, 9,
12,15, 18, 21 and 24). Due to a slight catalyst deactivation process,
the catalytic results were calculated by extrapolation of the reac-
tant and product concentration curves to zero time on stream
(see Fig. S1). Then, Xceo, S and Y represent conversion, selectivity
and yield at t=0, respectively. The equilibrated nature of
C60L — C6K interconversions [37] at the present reaction condi-
tions, allows us to consider these two molecules hereinafter as
the reactant pool. Thus, conversion was defined for the reactant
pool (C60 = C60L + C6K) as:

Feeor + F
Xeeo = (1 _ CGOLO CGI()
Feeor

where Fegor and Fegk are the molar flow rate of C60L and C6K,
respectively, at the reactor exit; F, is the molar flow rate of
C60L in the reactor feed.

Product selectivity was calculated on a carbon atom basis, as:
_ FiN;

" XF;N;

where N is the carbon atom number of product “i”. Carbon balances
closed to within 90-98% (an example is given in Fig. S2).

Site time yield (STY;) is defined as the moles of product
mole of Cu® surface site and per second.

Si

i” per

3. Results and discussion
3.1. Characterization of the ZCuMgAl mixed oxides

Catalysts combining a metallic function provided by Cu® atoms
and acid-base sites supplied by Lewis acid cations were prepared
by coprecipitation and characterized by several techniques. They
were denoted as ZCuM,(My;), where Z represents the copper con-
tent in wt.% and M; and My, are the accompanying cations (Mg?*,
A" or Ce*). Binary Cu-Mg, Cu-Ce and Cu-Al, and ternary
Cu-Mg-Ce mixed oxides containing similar copper loadings were
denoted as 9.8CuMg, 7.4CuCe, 6.4CuAl and 6.9CuMgCe, respec-
tively. In particular, 9.8CuMg and 6.4CuAl catalysts were prepared
to represent typically, bifunctional metal-base or metal-acid cata-
lysts, respectively. A detailed characterization of these materials is
given in a previous work [25].

Another set of ZCuMgAl mixed oxides having a Mg/Al=1.5
(molar ratio) was prepared. Mg?* and AI** were selected because
of the known catalytic performance as basic and acidic catalysts,
respectively, of their corresponding single oxides in the conversion
of different alcohols and polyols [38-41]. In these materials Z was
varied in a wide range between 0.3 and 61.2 wt.% Cu. The physic-
ochemical properties of the ZCuMgAl oxides prepared in this work
are summarized in Table 1. Elemental analysis revealed that the
measured Cu loadings were in all cases very close to the nominal
values, therefore confirming complete precipitation of the cations
during the synthesis procedure.

Thermal decomposition of the precipitates at 773 K under air
removes water and CO, and generates the porous structure that
is responsible for the high mixed oxide surface area (SA) [41]. SA
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Table 1
Physicochemical properties of ZCuMgAl catalysts.

Nominal
composition
(wt.%)

Surface
area, SA (m?/g)

Catalyst
(Z: wt.% Cu)

Structural analysis
by XRD

Cu species reducibility,
dispersion and size

Basic properties

Cu Mg Al amgo” (A)

Phases detected

New® (umol/g) v (K)  np(umol/g)  BS®

0.3CuMgAl 217 05 329 237 4167 MgO
0.6CuMgAl 260 08 327 236 4172 MgO
1.2CuMgAl 294 1.0 327 236 4170 MgO
1.8CuMgAl 225 20 322 232 4167 MgO
4.1CuMgAl 230 42 314 226 4171 MgO
8.0CuMgAl 248 100 290 209 4.150 MgO
15.1CuMgAl 208 150 269 193 4145
32.7CuMgAl 90 350 186 133 4145
61.2CuMgAl 42 70.0 4.1 29 - CuO

MgO-CuO
MgO-CuO

- - - - 527 1.07
- 532 1.01
- - - 681 511 0.98
- - - 658 497 0.60
16.9 109 6.1 586 413 0.64
12.2 153 8.5 571 457 0.49
10.2 242 10.2 539 412 0.48
5.6 287 18.6 506 225 0.34
4.4 421 238 493 66 0.20

MgO lattice constant.

Cu® dispersion by N,O decomposition.
Number of exposed Cu® atoms.

Cu® particle size.

Temperature at peak maximum by TPR.
Base site number by TPD of CO,.

Basic strength defined in Section 3.1.

@ - 0 A T oW

values were independent of the copper content for Z < 15.1 wt.%
but decreased notoriously at higher loadings. The latter is attribu-
ted to the low aluminum content of these oxides; Al is a textural
promoter in Mg-Al or Cu-Zn-Al catalysts that helps stabilize the
porous structure and facilitates dispersion of the copper particles
[41,42].

The structural analysis and the identification of the crystalline
phases present in the ZCuMgAl oxides were carried out by XRD
(diffractograms shown in Fig. S3). A single quasi-amorphous MgO
(periclase, ASTM 4-0829) phase was detected at low copper con-
tents (Z < 15.1 wt.%) but at higher Z values a CuO (tenorite, ASTM
5-0661) phase was clearly identified. No crystalline Al-containing
phase was detected at any Z value indicating that the AI** cations
remain closely associated with the MgO structure after calcination,
in agreement with previous work [41]. In fact, incorporation of the
AI3* cations in the MgO matrix is evident in the MgO lattice param-
eter (amgo), Table 1. The lower aygo values in the ZCuMgAl oxides
compared with that of pure MgO (4.216 A) reveal a contraction of
the MgO unit cell as a result of substitution of smaller AlI>* cations
(rap- = 0.535 A) for Mg?* (ryg- = 0.72 A) in the structure.

The fact that no crystalline copper species was detected at low Z
values indicates that the Cu cations are forming highly dispersed
CuO crystallites not detectable by XRD or they are incorporated
as a solid solution within the oxide lattice. To get insight into this
issue, the reducibility of Cu species in ZCuMgAl samples was inves-
tigated by TPR, Fig. 1. A single and broad reduction peak centered
at around 500-600 K was observed for Z > 4.1 wt.%. The TPR curve
of sample 8.0CuMgAl carried out up to 1073 K confirms the lack of
species reducing at higher temperatures in this compositional
range. In line with that, calculation of the amount of reducible cop-

per species (Cul,;) indicate that for Z = 4.1-61.2 wt.% Cu the degree
of reduction was 100%, i.e., reduction of all the Cu atoms in these
samples took place below 653 K. Contrarily, for samples with lower
copper loadings (Z<4.1 wt.%), reduction was not complete at
653 K; less than 30% of the total copper atoms were reduced at that
temperature. In particular, the TPR pattern of sample 1.2CuMgAl
carried out up to 1073 K shows that part of the Cu atoms reduces
at ~850 K.

In Fig. 1, the shift of the temperature at the peak maximum (Ty;)
to lower values as Z increases suggests a diminution of the
Cu-mixed oxide interaction resulting from segregation of CuO
species. On the other hand, the presence of hardly-reducible
copper species in Cu-Mg-Al solid solutions explains the higher
Ty values for low metal loading catalysts (Z < 4.1 wt.%) [42,43].

} ZCuMgAl
0.05

x0.1 CuO

Z=61.2
327

151

H, consumption rate (mol/hg)

i

8.0

4.1
X ~—18
x 10 1.2

T T T T T T T
400 600 800 1000
Temperature (K)

Fig. 1. TPR profiles of ZCuMgAl oxides.

Indeed, participation of Cu in formation of a solid solution can be
inferred from the calculations of aygo in Table 1. Solubility of the
Cu?* ions within the MgO structure is favored by the slight
difference in ionic size between octahedrally coordinated Cu®*
(rcw-=0.73 A) and Mg?" in MgO (ryg- = 0.72 A) [44]. Thus, substi-
tution of small amounts of Cu?* for Mg?* ions within the periclase
structure results in a small expansion of the MgO lattice (higher
apgo values) at low Cu loadings.

Copper dispersion (D) was calculated by combining TPR and
N,O decomposition experiments in a two-step procedure as
described in Section 2.1. D values between 4% and 17% were
obtained for ZCuMgAl samples with copper loadings Z > 4.1 wt.
%, Table 1; these results were similar to values reported in the lit-
erature for comparable Cu-based oxides [45-48]. Below that
copper content, meaningful dispersions could not be measured
because of experimental limitations to operate under conditions
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free of artifacts [28]. The Cu® particle size (L) and the number of
exposed Cu® species on the surface (ncy, pmol/g) were calculated
from the D values, Table 1; ncy (Fig. 2) monotonically increased
with increasing the Cu content in a similar fashion to L. Thus, at
high Z values the oxide surface contains more and larger reduced
copper species.

The surface basic properties of the ZCuMgAl samples were
investigated by TPD of CO,, Fig. 3. By integration of the TPD curves,
the number of base sites (n,) was calculated and results are shown
in Table 1. In Fig. 3, reference samples such as 9.8CuMg and
6.4CuAl were also included; they represent a strongly basic and a
weakly basic material, respectively. The former presents basic
features comparable to those of MgO with CO, desorbing in a wide
temperature range (350-700K). On the other hand, in sample
6.4CuAl the lack of Mg?* cations makes CO, desorb at lower tem-
peratures (~400 K), presenting basic features comparable to those

600 a 600
ZCuMgAIl |
500 - 500
| O L
400 { O\O I 400
2 NG
Q ©°
€ 300 L 300 £
< oz
S 200 A I 200
100 - L 100
0 '_'_I_'_V/// T T L 0

01 2 10 20 30 40 5 60
Z, Cu content (wt.%)

Fig. 2. Number of base (n,) and metal (ncyo) sites of ZCuMgAl oxides as a function of
the copper content (Z).

ZCuMgAl

CO, desorption rate (mmol/g h)

32.7 15.1
_/\_ﬂ-z
6.4CuAl
— 1 T r T T 1 7
300 400 500 600 700 800
Temperature (K)

Fig. 3. TPD of CO, of ZCuMgAl, 9.8CuMg and 6.4CuAl oxides.

of Al,03 [16]. Clearly, the basic properties of the ZCuMgAl oxides
are between those of the reference materials. The shape of the
TPD curves for the ZCuMgAl oxides, that reflects the base strength
distribution, was similar for all of them. However, the high-
temperature peak at ~550 K gradually disappeared as Z increases
indicating a diminution of the overall basicity because of the
reduced contribution of strong base sites.

Based on previous work on basic oxides [40,41], the TPD profiles
of Fig. 3 were deconvoluted in three desorption bands, reaching
maximum desorption rates at about 400, 450, and 550 K. Thus,
the contribution of each band identified as the number of weak
(nw), medium (ny;) and strong (ns) base sites, respectively, was
calculated. An indication of the sample basic strength (BS) was
defined as BS = ns/(nw + ny) and the values are reported in Table 1.
On the low Cu content materials, BS is enhanced by a factor of 5
compared to samples with high Z. Although the Mg/Al ratio is
constant in all the ZCuMgAl samples, the decreasing Mg content
as Z increases (with the consequent segregation of more elec-
tronegative Cu?* cations on the oxide surface) is detrimental to
the solid overall basic strength. Blocking of the surface base sites
and formation of more acidic CuO surface patches explain the poor
basic properties of the high copper loading samples.

Fig. 2 shows that in the ZCuMgAl catalysts the contribution of
surface basic and metallic sites strongly depends on the copper
content and that n;, decreases linearly with Z.

3.2. Catalytic results. Effect of the copper content ofZCuMgAl catalysts

Liquid transportation jet or diesel fuels are a hydrophobic mix-
ture of C9-C18+ compounds with a low O/C atom ratio. In a previ-
ous work [25] we showed that 2-hexanol (C60L) can be converted
in the gas phase into branched hydrocarbons, ketones and alcohols
having carbon atom numbers in the range of n=3 — 24 (C3-C24).
More than 70% of these products were in the C9-C15 range.

We also studied the reaction pathways leading to C9-C18+
compounds from C60L; we found that they involve a series of
consecutive reaction steps comprising dehydrogenation, C—C cou-
pling, dehydration and hydrogenation reactions, Scheme 1 [26].
The sequence depicted in Scheme 1 starts by C60L dehydrogena-
tion to C6K (block C6). Surface-generated hydrogen during this
step is the only source of reducing agent in the reaction system.
Hydrogen is needed to reduce C=C and C=0 bonds in the following
steps.

In the initial steps C60L may also dehydrate-hydrogenate to
hexane (C6H) (block C6H) or undergo C—C bond cleavage toward
formation of short chain compounds such as C30L, C3K and C3H,
(block C3). However, C3 and C6H products are unwanted for liquid
fuel applications. Thus, the best selectivities to valuable products
(C9-C24) were obtained on catalysts having a high base/acid site
ratio (np/ng). In contrast, catalysts with a low np/n, ratio mainly
convert C60L to C6H.

The reaction then proceeds by C-C bond forming aldol conden-
sation of C6K giving rise to an aldol adduct (a hydroxyketone, not
shown) that is easily dehydrated to the o,B-unsaturated ketone
C12UK? Sequential formation of other C12 products (C12K,
C120L and C12H in Scheme 1) then occurs by a series of hydro-
genation and dehydration steps. The carbon chain can be length-
ened further by reaction of C12K with another C6K molecule to
give ketones, alcohols and hydrocarbons with an even number of
carbon atoms, such as C18 and C24.

A reaction sequence was postulated in which formation of odd
carbon atom number compounds (block C9-C21) proceeds through
a distinct reaction pathway, Scheme 1; it starts by the C=C bond
shift in the o,B-unsaturated ketone C12UK® giving the isomer
C12UKP. Formation of C9K occurs then by consecutive Michael
[49,50] and retro-Michael reactions, after which conventional aldol
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Scheme 1. Reaction steps for the conversion of C60L on ZCuMgAl catalysts.

condensation steps lead to C15 and C21 products. In particular, we
found that the pathway to even carbon atom number compounds
was favored when the reactant was diluted in hydrogen. In
contrast, odd carbon atom number compounds prevailed when
only surface-generated hydrogen is available, such as under inert
atmosphere.

Using mixed oxide catalysts with ~8 wt.% Cu and different acid-
base properties we found that Cu-containing solids were more
selective to produce C9-C24 compounds than the corresponding
Cu-free oxides. This was explained by identifying the role played
by the different active sites, so that highly dispersed Cu® species
promote the C60L dehydrogenation at high rates whereas acid-
base sites mainly participate in the aldol condensation steps. Thus,
we concluded that bifunctional catalyst formulations combining
acid-base sites with moderate basic properties and dispersed Cu®
sites were suitable for the efficient synthesis of liquid fuels.

Here we continue our investigations on the conversion of C60L
toward C9-C18+. The ZCuMgAl catalysts with Z=0.3 — 61.2 wt.%
Cu were tested in the reaction at 573 K in order to elucidate the
effect of the copper content on the catalyst activity and product
distribution. The reactant pool conversion rate (rcgo, mmol/h g
cat) as well as the selectivity to C3 (Sc3), C6H (Scgy) and C9-C24
compounds (Scg_c24) at 20% conversion are shown in Fig. 4. Fig. 4A
shows that rcgo decreased with increasing Z in a similar fashion as
np in Fig. 2. Thus, samples with enhanced basic properties are more
active.

As shown in Fig. 4B, Scg_c24 was more than 80% on all the ZCuM-
gAl catalysts and slightly increased with Z reaching ~95% on the
high copper content samples. Thus, it seems that the pathway
toward heavy compounds, Scheme 1, requires a high number of
Cu® species, Fig. 2. An opposite trend was found for Scey; low
copper content catalysts, where surface Cu® species are less
abundant, initially dehydrate C60L on the acid-base sites giving

C6 hydrocarbons (C6H) in agreement with previous work on alco-
hol dehydration reactions [51]. All these results are explained by
the preference of the surface Cu® species to activate the O—H bond
over the C—O bond of C60L in the initial reaction step, therefore
favoring the dehydrogenation pathway that starts the aldol
condensation sequence. On the other hand, the Sc3 values were
negligible regardless of the Z value what means that the C—C bond
breaking of the C60 pool is not a relevant reaction.

The O/C atom ratio is 0.8 in cellulose [52], 1.0 in monosaccha-
ride sugars, and 0.167 in the reactant C60L. Fig. 4B shows that
the calculated O/C atom ratio in the C9-C24 product pool obtained
on ZCuMgAl catalysts can be decreased to ~0.07 at 20% conversion.
This low value confirms that upgrading of C60L through the
reaction sequence depicted in Scheme 1 gives a product mixture
with superior hydrophobic properties than C60L. The O/C ratio
was similar irrespective of the copper content because the
oxygenates/hydrocarbons ratio in the C9-C24 product pool was
independent of Z at that low conversion level.

At 20% conversion, the C9-C24 fraction contains mainly C12
compounds and to a lesser extent, C9 and C15 products; Fig. 4C
shows the evolution of the selectivity toward odd (C9, C15 and
C21) and even (C12, C18 and C24) carbon atom number products
as Z increases. At low Z values the ZCuMgAl samples converted
C60L mainly to even products but for Z > 4.1 wt.% Cu comparable
selectivities to odd and even products were obtained.

The effect of varying Z was also investigated at higher conver-
sions levels. Contact times (W/F%, ) were gradually increased up
to 350 gh/mol in order to reach almost complete conversion
(93%). Two samples were selected for these experiments: 0.6CuM-
gAl, representing the compositional zone of the very active
(Fig. 4A), strongly basic (Fig. 3) and hardly reducible oxides, and
8.0CuMgAl, corresponding to oxides with moderate activity
(Fig. 4A), basic properties (Table 1) and number of surface metallic
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Fig. 4. Catalytic results as a function of copper content (Z). (A) Reaction rate; (B) selectivity to C9-C24, C6H and C3 products and O/C atom ratio in C9-C24 products; (C)
selectivity to odd and even carbon atom number products in the C9-C24 pool [T =573 K, P = 101.3 kPa, PcgoL = 4.1 kPa; N, balance; Xcgo = 20%].

sites (Fig. 2). Fig. 5 shows conversion (Xcgo) and yield (Y;) to differ-
ent products as a function of W/FZ,. The local slopes of the yield

curves represent formation rates. In sample 0.6CuMgAl, Fig. 5A, the

change of the slope of the Yco_co4 curve at W/F2s,, > 50 gh/mol is

probably due to a hydrogen deficiency at high conversions since
part of the reactant C60L is dehydrated to C6H instead of being
converted to C6K and hydrogen. Furthermore, because of the low
Z value the amount of reducible Cu species that perform C60L
dehydrogenation is low but several hydrogen molecules are
needed to form C9-C24 products, Scheme 1. Thus, it seems that
surface-generation of hydrogen takes place anyway as indicated
by the hlgh Yco_c24.

We showed previously that basic catalysts dissociate the O—H
and C—H bonds of secondary alcohols giving ketones and hydrogen
but at a much lower rate than metallic catalysts [14,38,51]. Thus,
the base sites of the 0.6CuMgAl sample probably contribute to
dehydrogenate C60L and retain the generated surface hydrogen
fragments that migrate and reduce the C=C bond of C12UK? giving
C12 K; C12 compounds then initiate the pathway toward heavier
compounds. To confirm that the lack of enough surface hydrogen
fragments causes the reaction to slow down at high conversions,
an additional experiment was carried out diluting C60L in pure
H, (open symbols in Fig. 5A); clearly, Xcgo and Ycg_c24 increased
indicating that the pathway from C6K to C12 and heavier products
is favored when gas-phase hydrogen is supplied to the reactor.
Thus, the abundant base sites of sample 0.6CuMgAl likely partici-
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pate in H—H bond dissociation and subsequent hydrogenation
steps. These results are supported by previous findings; we showed
time ago that the strongly basic sites of MgO dissociate H,(D,) at
high rates during H,-D, equilibration reactions [53]. A similar
experiment was carried out with sample 8.0CuMgAl (open symbols
in Fig. 5B), however in this case the result is predictable since the
high ncy of this sample is expected to facilitate hydrogen dissoci-
ation and incorporation of hydrogen fragments in the reduction
steps leading to C9-C24 compounds, Scheme 1.

Despite of the differences in the C9-C24 product formation rate
at low W/FgGOL values, the highest Ycg_c24 Was almost the same on
both samples (80-90%). Furthermore, none of the catalysts formed
significant amounts of unwanted C3 products at any conversion
level. However, the main difference between the two samples
was the amount of products with an odd number of carbon atoms
formed from C60L. Fig. 6 (closed symbols) shows the ratio of Odd/
Even carbon atom number products in the C9-C24 pool for the
reactions carried out on 0.6CuMgAl and 8.0CuMgAl. The ratio on
8.0CuMgAl was ~1.0, reflecting that the pathways toward odd
and even products of Scheme 1 proceed with similar selectivity
regardless of the conversion level. In contrast, sample 0.6CuMgAl
formed mainly C12 products (Sci2 = 80%) at low conversions, but
these compounds further converted to increasing amounts of odd
products at higher conversions. Thus, the Odd/Even ratio gradually
increased from 0.06 reaching a value of 0.44 at high conversion
levels. The surface of sample 0.6CuMgAl is deprived of hydrogen

100 [B

v 8.0CuMgAl
O

Conversion (Xq40) Or Yield (%)

0 100 200 300
W/Fo. (g h mol™)

400

Fig. 5. Conversion and product yield as a function of contact time (W/F2,) on (A) 0.6CuMgAl; (B) 8.0CuMgAl. Closed symbols: inert atmosphere; open symbols: H,

atmosphere [T=573 K, P=101.3 kPa, PcgoL = 4.1 kPa].
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8.0CuMgAl catalysts [T=573 K, P=101.3 kPa, P ¢oL = 4.1 kPa; N, balance].

at high conversions which enables the competing C=C bond
migration route toward odd products (Scheme 1) and therefore
explains the increasing Odd/Even ratio. The differences in the
amount of odd and even C9-C24 products formed on the two sam-
ples results in a lower average molecular weight of the C9-C24
pool for sample 0.6CuMgAl (~160-180 g/mol) than for 8.0CuMgAl
(~180-200 g/mol), Fig. 6 (open symbols).

To get more insight into the quality of the C9-C24 products
obtained on both samples, the yield to oxygenates and hydrocar-
bons as well as the O/C atomic ratio were plotted in Fig. 7 as a func-
tion of conversion. The shape of the curves is consistent with
oxygenates being primary products of the C60 pool conversion
and hydrocarbons being formed consecutively from oxygenates,
as postulated in Scheme 1. Thus, the hydrocarbon yield increased
with Xcso and represented about 20-40% of the C9-C24 pool at
high conversions. Consequently, the O/C ratio decreased with con-
version. The Cu loading affects not only the average molecular
weight of the C9-C24 product pool but also the quality of the
oxygenates; whereas C12 oxygenates were the main products on
0.6CuMgAl, heavier even and odd oxygenates formed on 8.0CuM-
gAl. Therefore, Fig. 7 shows that the O/C ratio decreased to a
slightly lower value (0.04) on 0.6CuMgAl than on 8.0CuMgAl
(0.06).
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3.3. Mechanism and reaction pathways

In previous works we studied the coupling reactions of primary
and secondary alcohols on Mg-Al mixed oxides with different
Mg/Al ratios [14,41,53]. We showed that aldol condensation reac-
tions require specific combinations of acid and base sites resulting
from an adequate balance between Mg?* and AI** cations. Thus, the
active site is an acid-base pair (M™-0%", M = Lewis acid cation) in
which oxygen presents moderate basic properties. Thus, a strong
base such as MgO results, in general, less active than Mg-Al oxides
with milder basic properties. On the other hand, an acidic oxide
such as alumina is usually much more active than any Mg-Al
oxide, but the selectivity to coupling products is negligible.

As we discussed above, an efficient catalyst for the upgrading of
C60L to liquid fuels must combine acid-base sites that promote
aldol condensation steps and metallic sites that participate in
hydro/dehydrogenation steps. A proper selection of these sites is
necessary in order to avoid formation of unwanted products. For
instance, both kinds of sites might promote the C—C bond cleavage
reactions of C60L and C6K, leading to light C3 compounds. Further-
more, acid-base properties must be balanced because weak acidity
is needed for the dehydration of the aldol adducts but acid sites
also promote the detrimental dehydration of C60L to C6H.

Recently, using ZCuM;(Mj;) mixed oxide catalysts with ~8 wt.%
Cu and different acid-base properties we investigated the bifunc-
tional nature of the catalytic process. These materials combine a
metallic function supplied by Cu® atoms with acid-base properties
provided by the metal cations M; and M; (M,, My: Mg?*, AI** or
Ce*"). The rate-limiting step (r.l.s.) operating on these solids was
discussed by analyzing the turnover frequency (TOF) and site time
yield to C9-C24 products per Cu® atom; we found that the r.lLs.
changes depending on the oxide basicity [25].

Guisnet in a recent manuscript on the n-alkane hydroisomeriza-
tion on bifunctional metal-acid zeolites, postulated the use of a
plot of the TOF vs the site number ratio as a way to analyze how
the balance between both sites affects the process rate-limiting
step in different zeolites [54]. Following this approach, the site
time yields to C9-C24 products (STY, s~!) obtained with the ZCuM-
gAl catalysts were plotted in Fig. 8 as a function of the base/metal
site ratio, np/ncw (closed squares). Since ncy could be measured
only for ZCuMgAl catalysts with Z > 4.1 wt.% Cu, Table 1, the STY
values were calculated for samples in that compositional region.
The STY values of 9.8CuMg, 7.4CuCe, 6.4CuAl and 6.9CuMgCe
oxides [25] were also plotted in Fig. 8 (open circles) showing that
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Fig. 7. Yield to oxygenates and hydrocarbons and O/C atom ratio in C9-C24 products as a function of conversion on (A) 0.6CuMgAl; (B) 8.0CuMgAl [T=573 K, P=101.3 kPa,
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Fig. 8. Site time yield (STY) to C9-C24 products as a function of the base/metal site
ratio (np/ncy) of ZCuMgAl and ZCuM|(Mj) catalysts [T=573 K, P=101.3 kPa,
P csoL = 4.1 kPa; N, balance].

regardless of the copper content or acid-base properties all the
data points fell on the same curve.

The results of Fig. 8 show that the higher the copper content,
the lower the specific yield to C9-C24 products. The shape of the
STY vs np/nce curve suggests that the r.l.s. changes as np/ncw
becomes progressively larger. For catalysts with ny/ncy <3 the
STY increased with increasing the proportion of base sites respect
to the Cu® sites, indicating that on those solids a base-catalyzed
reaction is rate limiting, i.e., the C—C bond forming step. The STY
curve finally reached a constant value (~0.0135s™') suggesting
that catalysts with np/ncw ~ 3-16 share the same rate-limiting
step. Since the STY are calculated per surface Cu® sites, the similar
STY values measured on catalysts with enhanced basic properties
indicate that the process is limited by one of the Cu’-promoted
hydrogenation steps.

In summary, the synthesis of C9-C24 products on ZCuMgAl cat-
alysts with Z > 4.1 wt.% Cu takes place through a bifunctional
mechanism that involves both, acid-base pairs with basic proper-
ties and metal sites. However, the rate-limiting step depends on
Z, i.e., on the relative abundance of surface Cu® species and
M™-0?" pairs. The experimental data provide evidence on the
shift of the r.l.s. from a hydrogenation to an aldol condensation
step as Z increases.

A question now arises concerning the mechanism of C9-C24
product formation that applies for catalysts with Z < 4.1 wt.% Cu.
A closer inspection of Fig. 4C allows us to get insight into this issue.
Formation of even carbon atom number oxygenates predominated
on catalyst 0.3CuMgAl with C120 being the main product (~65%
selectivity); but the selectivity gradually changed to odd products
(C90 and C150) as Z increased in that compositional zone. As can
be seen in Scheme 1, after dehydrogenation of C60L, formation
of C12 oxygenates, especially C12UK?, can occur without

Table 2
Catalytic results for low Cu loading ZCuMgAl catalysts with different pretreatments.

participation of Cu® sites. Furthermore, the pathway toward odd
products is promoted by M™-02" pairs and starts by C = C bond
migration at the C12UK* molecule. On the other hand, catalysts
with Z < 4.1 wt.% Cu are hardly reducible under the reduction con-
ditions used previous to the catalytic tests (573 K), as shown in
Fig. 1, what suggests that the number of reduced copper species
on the surface is probably scarce. In fact, TEM analysis (not shown)
of samples 1.2CuMgAl and 1.8CuMgAl after reduction for 1h in
pure H, at 573 K showed the presence of small (3-4 nm) and
scattered Cu® particles. However, observation of these particles is
difficult because of the lack of enough image contrast. Thus, these
samples probably contain a large number of partially reduced Cu™
species that might behave as Lewis acid centers; Mg?*, A** and
Cu™ species would increasingly promote the C=C bond shift reac-
tion toward odd products as Z increases in that compositional
region.

We proved above that formation of C9-C24 products proceeds
by a metal-base bifunctional mechanism on ZCuMgAl samples
with high Cu loadings (Z > 4.1 wt.%). However, the characteriza-
tion and catalytic results of the catalysts with Z < 4.1 wt.% Cu seem
to suggest the existence of a conventional aldol condensation
mechanism promoted by M™-02~ pairs with moderate basic prop-
erties. In order to verify this, additional experiments were carried
out in which selected ZCuMgAl catalysts with Z < 4.1 wt.% Cu were
tested in the C60L upgrading reaction but without a reduction pre-
treatment. Table 2 compares the results at 20% conversion for
reduced and unreduced samples 0.3CuMgAl and 0.6CuMgAl.
Results obtained with sample 0.3CuMgAl were almost independent
of the existence or not of a reduction procedure, thereby reflecting
the presence of a negligible amount of surface Cu® atoms after
reduction at 573 K. Sample 0.6CuMgAl that contains a slightly
higher Cu content, reduced to some extent at 573 K as indicated
by the different C60L/C6K and Odd/Even ratios measured for the
reduced (0.06) and unreduced (0.37) sample experiments; this
confirms that, in spite of a probably higher reducibility compared
to sample 0.3CuMgAl, sample 0.6CuMgAl contains a higher number
of not fully reduced Cu™ species that enable the C=C bond migra-
tion pathway and therefore, odd compounds form with a higher
selectivity. Similar effect occurs for the other samples with
Z<4.1 wt.%, as shown in Fig. 4C. Thus, on sample 0.3CuMgAl the
synthesis of C9-C24 compounds seems to occur almost exclusively
by base-catalyzed reaction steps such as dehydrogenation, aldol
condensation and C=C bond migration. However, as Z increases
in the Z<4.1 wt.% Cu compositional zone, the ZCuMgAl samples
reduce more easily and therefore, formation of C9-C24 compounds
occurs through an increasing contribution of the bifunctional
mechanism.

4. Conclusions

Cu-Mg-Al mixed oxides with a wide range of copper loadings
(Z=0.3-61.2 wt.% Cu) are active and selective for the upgrading
of 2-hexanol toward liquid fuels, i.e., C9-C18+ compounds with

Catalyst Catalytic results

Sco-c24 (%) Scen (%) C60L/C6K 0Odd/Even C9-C24

Reduction® Reduction® Reduction® Reduction®

Yes No Yes No Yes No Yes No
0.3CuMgAl 80 70 20 30 0.51 0.48 0.05 0.09
0.6CuMgAl 88 52 12 48 0.67 1.35 0.06 0.37

T=573K; Pcgor = 4.1 kPa; N, balance; Xcgo = 20%.
2 T=573K; Py, = 101.1 kPa.
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low oxygen content. C9-C24 compounds are the main fraction
with yields of up to 87%. This product pool is a hydrophobic
mixture of compounds having one or none oxygen atom (ketones,
alcohols and hydrocarbons), in which the O/C atom ratio is as low
as 0.04.

Formation of C9-C24 compounds occurs through consecutive
dehydrogenation, C—C bond formation, dehydration and hydro-
genation steps. A bifunctional metal-base mechanism applies for
high copper content Cu-Mg-Al mixed oxides in which nanosized
Cu® particles promote dehydrogenation and hydrogenation steps
and acid-base pairs with moderate basic properties catalyze the
carbon chain lengthening reactions. Hydrogenation is rate-
limiting on Cu-Mg-Al catalysts with enhanced basic properties
(high base/metal site ratio). But as Z increases and consequently
the base/metal site ratio decreases, the rate-limiting step shifts
to the C—C bond formation reaction.

Products with odd carbon atom number are formed through a
reaction pathway that starts by a C=C bond migration step pro-
moted by acid-base sites such as the Mg(Al)-O pairs. Even carbon
atom number products predominate on catalysts with a very low
Cu content but the selectivity changes to odd products as the load-
ing increases. This is attributed to the presence of partially reduced
Cu™ atoms that contribute as Lewis acid centers to the C=C bond
shift. Low Cu loading Cu-Mg-Al mixed oxides are hardly reducible
and therefore all the steps involved in the C9-C24 product forma-
tion are promoted mainly by acid-base sites.
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