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Abstract

A sustainable route for the synthesis of butanol and higher alcohols via conden-
sation of bio-ethanol has been investigated on a series of modified nickel on alu-
mina catalysts. To maximize the selectivity for butanol, alumina support has been
modified with ceria (5 wt% of alumina) to enhance basicity. Copper is added as
the second metal, to promote dehydrogenation-hydrogenation functionality. Ni—-Cu
bi-metallic catalysts with varying proportions of the metals, i.e., bimetallic 5.5%
Cu-2.5% Ni, 4% Cu-4% Ni and 2% Cu-6% Ni catalysts and 8% Cu, 8% Ni (all wt%)
mono metallic catalysts, supported on ceria modified Al,O;, have been prepared by
wet impregnation and characterized by XRD, BET, TEM, NH;— and CO, TPD, H,—
TPR and XPS. Condensation of ethanol has been carried out in Parr reactor, in batch
mode (8 h, at 200 °C, after pressurization with nitrogen (10 bar). Mono metallic
Ni displays ethanol conversion of 41%, with butanol selectivity of 48.6%. Whereas,
mono metallic Cu catalyst, under identical reaction conditions, displays high butanol
selectivity (64%) but very low ethanol conversion (18%). Bimetallic catalyst with
composition 5.5% Cu-2.5% Ni, displays higher butanol selectivity of 55.6% with
conversion at 32.2%. Thus, by optimization of Cu and Ni composition and support
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acidity/basicity, it is possible to maximize butanol selectivity. XPS and TPR stud-
ies indicate Ni—Cu alloy formation, especially in the compositions, 4% Ni-4% Cu,
and 2.5% Ni-5.5% Cu. Presence Ni—Cu alloys, moderation of acidity and increase in
medium and strong basic sites facilitate higher butanol selectivity.
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Introduction

Auvailability of bio-ethanol in large quantities from various biomass resources has led to
the revival of Guerbet alcohol chemistry [1]. Ethanol undergoes catalytic condensation
to yield butanol and C,+ carbon number alcohols. Butanol, considered as the future
biofuel [2, 3] is bestowed with several advantages over ethanol, such as, higher energy
density, lower volatility and solubility in water, non-corrosive nature, facile blending
with gasoline and rendering more efficient combustion (Table S1) [4-7]. C,+ alcohols
find wide-spread applications as feedstocks, chemical intermediates and in polymers,
surfactants and detergent industries [8]. Conversion of ethanol to butanol and higher
alcohols through Guerbet chemistry has opened up another route for ethanol to jet
fuel (ETJ) production [9]. C,—C, alcohols undergo sequential dehydration to the cor-
responding olefins, followed by oligomerization of olefins and hydrogenation of long
chain olefins, to yield bio-jet fuel/Sustainable Alternative Jet Fuel (SAF). Globally, all
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major airlines are planning to gradually replace fossil derived ATF (Aviation Turbine
fuel) with SAF, so as to meet the mandated reduction in emission levels by 2050 [10].

Detailed reviews [11-13] on different heterogeneous and homogeneous catalysts,
process features and recent developments on ethanol conversion to butanol and higher
alcohols have been published. Transition metals (Ni, Cu, Co, Ru, Rh Au etc.,) on dif-
ferent types of supports have been explored extensively for this process. Especially,
alumina supported nickel catalysts, which possess metal (for dehydrogenation hydro-
genation functions) and acidic-basic sites (for aldol condensation function) display high
activity and selectivity for C,+alcohols formation Table S.2. Similarly, copper-based
catalysts on various supports also display high activity and selectivity for conversion
of ethanol. A list of copper-based mono and bi-metallic catalysts investigated for con-
version of ethanol has been compiled and presented in Table S.3. Though a variety of
supports have been explored for mono metallic copper catalysts, Ceria modified car-
bon is found to be highly effective with a maximum ethanol conversion of 45-46%
and butanol selectivity of 41-42%. However, reaction temperature is high at 250 °C.
Among the bi-metallic catalysts, In-Cu and Pd—Cu display moderate selectivity, but
lower ethanol conversion. Bi-metallic Cu-Ni (with higher metal loading (20%) and nar-
row variation in composition on Mg—Al-O support) and supported on porous metal
oxides (PMO) exhibit high conversion (47.9%) and butanol selectivity (72%) but at
very high reaction temperature (310 °C) and pressure (80 bar) in condensed phase [14].
Trimetallic Cu—Ni—Mn shows moderate activity (30%) and butanol selectivity of 39%.

Earlier work [15] on Ni—Co bimetallic catalysts supported on ceria modified alu-
mina, has shown that the bimetallic catalysts with specific compositions of Ni and Co
display higher activity and selectivity compared to the respective mono metallic cata-
lysts. Superiority of bi-metallic Ni—Co catalysts is attributed to the formation of Ni-Co
alloys and increase in reducibility of Ni. On similar grounds, studies on bi-metallic
Ni—Cu catalysts with varying proportions (wt%) of the metals, bi-metallic 6%Ni-2%Cu,
5.5%Ni-2.5% 4%Ni-4% Cu and Ni (8%) and Cu (8%) mono metallic catalysts, sup-
ported on ceria (5 wt%)-alumina have been carried out in order to develop catalysts
with better performance. This aspect of Ni—Cu catalysts, with varying proportions of
Ni and Cu, for condensation of ethanol at lower reaction temperature have not been
explored so far. Secondly, the use of Cu in combination will be beneficial as compared
with Ni-Co system. Sun et al. [14] have investigated only Ni—Cu catalysts with high
metal loading and narrow variation in compositions. All the catalysts have been pre-
pared by wet impregnation and characterized by X-ray diffraction, Temperature Pro-
grammed Reduction (TPR), X-ray Photoelectron Spectroscopy (XPS), acidity and
basicity measurements. Ethanol conversion reactions were carried out in 100 ml Parr
reactor, in batch mode, at 200 °C for 8 h, after pressurization with nitrogen up to 10 bar
[16].
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Experimental
Chemicals

Boehmite (AIOOH) (Pural SB, Sasol, Germany), Nickel nitrate hexahydrate
Ni(NO3),.6H,0, Copper nitrate hexahydrate Cu(NO;),.6H,0,Cerium nitrate hexa-
hydrate (Ce(NO;),.6H,0) (99.9%, CDH), were used as such. Absolute alcohol
(99.9%) from Changshu Hongsheng Fine Chemical Co. Ltd., China, was used as
such for carrying out reactions.

Preparation of support and catalysts

Gamma alumina (y-Al,O5;) was prepared by calcination of boehmite (AIOOH) at
450 °C for 4 h. Al,O; was impregnated separately with required quantity of cerium
nitrate Ce(NO;);-6H,0, (to obtain 5 wt% of ceria in alumina) dissolved homogene-
ously in 20 mL of distilled water. After evaporation of excess water, the slurry was
dried in air at 120 °C for 12 h and then calcined at 600 °C for 12 h in N, atmosphere.
Ni (2.5% to 8 wt%) and Cu (2 to 8 wt%) as nickel nitrate and copper nitrate, respec-
tively, were loaded on ceria modified alumina by wet impregnation, dried at 120 °C
for 12 h, followed by reduction in H, flow at 500 °C for 12 h (19).

Characterization of catalysts

Powder XRD diffraction patterns for the catalysts were recorded using Rigaku
Corporation, Japan, Model Miniflex IIX-ray diffractometer, with Cu K,
(A=0.15418 nm) radiation in the 20 range of 10° to 80° and at a scan rate of 3°/min.
Ni crystallite size of the catalysts were calculated by X-ray line broadening analysis,
using Debye-Sherrer equation.

N, adsorption and desorption isotherms were measured at —196 °C using a
Micromeritics ASAP 2020 unit. Surface area of the catalysts were measured by BET
method and pore volume and pore size distribution by BJH method.

Temperature programmed reduction (TPR) and temperature programmed desorp-
tion (TPD) of ammonia and carbon dioxide were performed on Chem. BET TPR/
TPD Chemisorption Analyzer (Quanta Chrome Instruments, USA) equipped with
a thermal conductivity detector (TCD). For TPR measurements, the catalysts were
calcined in air at 300 °C, prior to TPR experiments. 50 mg of calcined catalyst was
pre-treated at 300 °C in high purity Ar gas (25 cm*/min) for 1 h and then cooled
to room temperature in Ar flow. The gas was changed to 10% H, in Ar (25 cm?/
min) at room temperature. After the stabilization of the baseline, TPR patterns were
recorded from room temperature to 800 °C with a heating rate 10 °C/min.

For TPD of ammonia, 50 mg of the reduced catalyst was pretreated at 300 °C in
helium flow of 20 mL/min for 1 h and cooled to room temperature in helium flow.
The sample was saturated with ammonia by passing 10% NHj; in helium gas over
the catalyst for 20 min. After flushing out weakly adsorbed ammonia with helium
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flow at 100 °C, the base line was established. TPD of adsorbed ammonia was then
recorded by heating the sample in helium flow up to 650 °C with a heating rate of
10 °C/min. For TPD of CO, similar procedure was adopted using CO, as probe mol-
ecule instead of ammonia.

X-ray photoelectron spectra of the reduced catalysts were recorded using Omi-
cron Nanotechnology, Oxford Instruments, UK, instrument with Mg K radiation.
The base pressure of the analysis chamber during the scan was 2x 107'° mbar. The
pass energies for individual scan and survey scan are 20 and 100 eV. The spectra
were recorded with step width of 0.05 eV. The data were processed with the Casa
XPS software.

Evaluation of catalysts for ethanol conversion
Details on the evaluation of catalysts and the methods followed in GC analysis of

reaction products and activity/selectivity calculations are carried in the usual man-
ner and details can be available in in an earlier publication [16].

Results and discussion
Characterization of catalysts
X-ray diffraction (XRD)

XRD patterns for the three Ni—Cu bimetallic catalysts along with those for 8%Cu/5%
Ce0O,-Al,0; and 8%Ni/5%Ce0O,-Al,0; mono metallic catalysts are presented
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Fig.1 XRD patterns for Ni-Cu bimetallic catalysts, a 8%Ni/5%Ce0O,-Al,05, b 6%Ni-2%Cu/5%CeO,-
Al,Oj, ¢ 4%Ni-4%Cu/5%Ce0,-Al,03, d 2.5%Ni-5.5%Cu/5%Ce0,-Al,0;, e 8%Cu/5%Ce0,-Al,04
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in Fig. 1. Diffractogram for 8% Ni/5% CeO,-Al,O; displays all the characteris-
tic d-lines of gamma alumina, ceria and Ni metal. All major d-lines, observed at
20=18.8°, 36.8° 45.8° and 66.8°, correspond to (013), (111), (400) and (440) planes
of gamma alumina phases and match closely with the reported values (JCPDS
46-1131). d-lines observed at 20 values 28.6° 33.3°, and 56.4° correspond to those
for CeO, (JCPDS 34-0394). The d-lines at 20=51.3° and 76.1° are due to (200)
and (220) planes for Ni metal (JCPDS 04-0850). The major d-line due to Ni metal
at 20=44.4° (111) is masked by the (400) line due to alumina. XRD pattern for
8%Cu/5%Ce0,-Al,05 catalyst exhibits d-lines corresponding gamma alumina and
ceria phases in addition to those for Cu metal at 20 =43.5° and 50.6° 20 values due
to Cu metal (43.3°, 50.4° and 74.2° (JCPDS 85-1326). and Ni (44.4°, 51.3° and 76.1°
(JCPDS 04-0850) are close to each other since both have fcc structure. Hence, in the
diffractogram for the bimetallic catalyst 6% Ni-2%Cu/5% CeO,—Al,O;, besides the
d-lines due to gamma alumina and ceria, the two prominent lines due to Ni and Cu
(44.4°,44.3°) have been masked by intense and broad d-lines due to gamma alumina.
Other two minor lines observed at 51.3° and 76.4° possibly represent both Cu and
Ni metals. In the case of other two bimetallic catalysts, 4% Ni-4% Cu and 2.5%Ni-
5.5%Cu, d lines due to alumina and ceria phases only are seen, since the d-lines due
to Cu and Ni have been masked by the lines due to gamma alumina. It is likely that
both Ni and Cu are highly dispersed, since ceria is known to improve dispersion
of the metals. Though Ni—Cu alloy formation during reduction is possible, due to
masking by the d-lines due to alumina phase, it is not reflected in the diffractograms.

Textural properties

Nitrogen adsorption—desorption isotherms at — 196 °C and the corresponding pore
size distribution curves for the catalysts according to BJH method are presented in
Fig. S1. Textural properties of the catalysts are compiled in Table 1. All catalysts
display Type IV adsorption desorption isotherms and Type HI1 hysteresis loops,
indicating that the pores are mesoporous in character and cylindrical in shape. Intro-
duction of Ni and Cu has not brought in any significant change in textural properties
since the metal loadings are less (at 8% max) and thermal treatments are carried out
at the same conditions.

Table 1 Textural properties of Ni-Cu bi-metallic catalysts

Catalysts Surface area (mz/g) Pore volume (cm3/g) Pore diam-
eter (nm)
5% Ce0,-Al,04 136 0.38 11.3
8%Ni/5%Ce0,-Al,0; 129 0.36 8.6
6%Ni -2%Cu/5%Ce0,-Al, 05 130 0.32 10.5
4%Ni -4%Cu/5%CeO,-Al,0; 129 0.34 10.9
2.5%Ni -5.5%Cu/5%Ce0,-Al,05 129 0.33 9.9
8%Cu/5%Ce0,-Al,05 114 0.34 9.1
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Transmission electron microscopy (TEM)

Transmission electron micrographs for the reduced catalysts presented in Fig. S2
show fairly good dispersion of nickel crystallites on the supports. All catalysts
exhibit needle shaped morphology as reported in literature for alumina supported
nickel-copper catalysts.

Temperature programmed reduction (H,-TPR)

H, TPR profiles for the three Ni-Cu bimetallic catalysts are presented in Fig. S3
along with those for monometallic Ni and Cu catalysts for comparison. TPR maxima
observed for all the catalysts are compiled in Table 2. Three distinct regions/zones
of reduction, namely, (i) reduction of free and weakly bound Ni/Cu oxides (Zone I)
(i1) reduction of well- dispersed Ni and Cu oxides (Zone II) and (iii) reduction of
surface and bulk Ni—Cu aluminates (Zone III) which are formed due to strong inter-
action with the support are observed. In the case of mono metallic Ni, based on the
hydrogen consumption pattern, well-dispersed NiO (in Zone II) appear as the major
reducible phase, while free/weakly bound NiO and surface and bulk nickel alumi-
nate phases (in Zone I and Zone III) are revealed as minor phases.

In contrast, in the case of mono metallic copper catalyst, free and weakly bound
CuO phases are predominant, indicating that metal support interaction (MSI) is
weaker in Cu based catalysts in comparison with MSI in Ni based catalysts. Max-
ima at 107 °C and 208 °C correspond to reduction of weakly bound Cu?* [17],
while maxima at 441 °C and 558 °C due to reduction of dispersed Cu**. Very small
amount of Cu in aluminate phase is observed, as revealed by a minor reduction peak
at 672 °C. Introduction of 2% Cu in 2%Cu-6% Ni catalyst increases the reducibility
of Ni? [17-19] as indicated by partial shift of dispersed Ni** reduction peak from
469 to 464 °C and the remaining dispersed Ni** getting reduced at 582 °C. A small
part of the Ni** gets reduced at higher temperature due to strong interaction with
the support. Simultaneously, low temperature reduction peaks due to weakly bound
Cu?* move over to higher temperature region indicating simultaneous reduction
of Ni** and Cu®* in dispersed state [17]. Increasing Cu** content to 4% in 4%Ni-
4%Cu catalyst increases further the reducibility of Ni**, thus increasing interaction

Table 2 Temperature Programmed Reduction characteristics of Ni-Cu bimetallic catalysts

Catalysts TPR maxima (°C)

Hydrogen consumption (%)

Zone-1 Zone-11 Zone-1II

(100 °C-400°C) (400 °C- 600 °C) (600 °C-800°C)
8%Ni/5%Ce0,-Al,05 187,346 489 640, 780
6%Ni-2%Cu/5%Ce0,-Al,05 134, 249, 329,386 464, 582 658, 771, 855
4%Ni -4%Cu/5%Ce0,-Al,0; 112,228, 353 474, 541 651,722
2.5%Ni-5.5%Cu/5%Ce0,-Al,0; 229, 365 494, 552 663, 773
8%Cu/5%Ce0,-Al,05 107, 208 441, 558 672

@ Springer



Reaction Kinetics, Mechanisms and Catalysis

between Ni and Cu and simultaneous reduction of both, resulting in the formation of
Ni—Cu alloy phase. This aspect is brought out by two observations, first, maximum
reducibility of Ni and Cu at 474 °C and second, shifting of dispersed Ni** reduction
maximum from 582 to 541 °C. Formation of Ni—Cu alloys by simultaneous reduc-
tion of Ni and Cu ions could influence facile dehydrogenation and hydrogenation
functionalities of the catalyst [14]. Further increase in Cu content in 2.5% Ni-5.5%
Cu catalyst results in consolidation of simultaneous reduction and alloy forma-
tion of Ni—Cu as indicated by the maxima at 494 °C and 552 °C With Cu content
being high, the intensity of the reduction maxima due to free and weakly bound
Cu?* increases indicating high loading of Cu, may lead to its segregation [20].
Simultaneously, high temperature reduction peak due to Cu—Ni aluminate species
increases in intensity. TPR data thus show that the gradual incorporation of Cu**
into NiO—Ceria—alumina lattice stabilizes Cu in the lattice, and brings about the
interaction between Ni and Cu, leading to the formation of alloys during simultane-
ous reduction.

X-ray photoelectron spectroscopy (XPS)

XPS profiles for a typical bimetallic catalyst 5.5% Cu-2.5% Ni/CeO,—Al,0; in
reduced state are given in Fig. S4. XPS profiles for core electron states for Al,,
Cesq, Cu,, and Ni,,, are also included. Ni2p;, peak at 853.1 eV is due to Ni metal in
bimetallic catalyst, which is nearly the same as 853.0 eV observed for mono metallic
Ni/5% CeO,—Al,0; Table S4. According to Naghash et al. [14, 20], in Ni—-Cu bime-
tallic catalysts supported on alumina, alloy formation is possible depending on the
Cu loading and the reduction temperature and charge transfer from Cu to Ni could
lead to lower BE value for Ni. However, it was reported by [20] that such shifts in
BE of Ni were seen at lower loading of Cu and at higher Cu loading no change in BE
of Ni with respect to Ni metal is observed. In the present case, since Cu loading in
4% Ni-4% Cu catalyst is high, no change in BE value for Ni2p is observed compared
to the mono metallic Ni, though alloy formation is indicated in TPR data. Alloy
formation in Ni-Cu bimetallic catalysts have been reported in literature. [14, 20, 21].
XPS lines due to Cu2p;;, and Cu2p,,, levels are observed at 929.8 eV and 949.8 eV,
respectively, with A=20 eV and intensity ratio~0.5 indicating the presence of Cu
in metallic state. Compared to the reported value of 933 eV for Cu metal, shift in
BE to 929.8 eV could be due to the support effect. Weak satellite peak observed at
939.9 eV indicates the presence of small amount of Cu,O. XPS lines observed at
900.7 eV is due to Ce*" 3d;, level and the one at 892.6 eV is due to Ce** 3d 5/2
level.

Acidity and basicity of the catalysts
TPD profiles for ammonia and CO, for monometallic Ni and Cu along with the
three Ni-Cu bimetallic catalysts are presented in Fig. S5 and Fig. S6. Peak max-

ima for the desorption of NH; and CO,, classified as weak, medium and strong
acid/basic sites are compiled in Tables 3 and 4. Population of acid/base sites of
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Table 3 Distribution of acid sites on bimetallic Ni-Cu catalysts

Catalysts Distribution of acid sites

Weak °C/mmol/g ~ Medium °C/mmol/g  Strong Total

°C/mmol/g  mmol/g

8%Ni/5%Ce0,-Al,04 267/0.53 370/0.93 461/0.21 1.67
6%Ni -2%Cu/5%Ce0,-Al,05 183/0.04 341/0.701 488/0.04 0.781
4%Ni -4%Cu/5%Ce0,-Al,0;4 189/0.035 343/0.793 513/0.100  0.928
2.5%Ni -5.5%Cu/5%Ce0,-Al,0;  187/0.068 361/0.836 528/0.079  0.983
8%Cu/5%Ce0,-Al,0; 175/0.025 341/0.629 491/0.075  0.729

Table 4 Distribution of basic sites on bimetallic Ni—Cu catalysts

Catalysts Distribution of basic sites

Weak °C/mmol/g ~ Medium °C/mmol/g  Strong Total

°C/mmol/g  mmol/g

8%Ni/5%Ce0,-Al,05 199/0.019 355/0.132 486/0.014 0.165
6%Ni-2%Cu/5%Ce0,~Al,04 115/0.03 362/0.168 577/0.038 0.236
4%Ni-4%Cu/5%Ce0,-Al,0; 114/0.04 337/0.179 519/0.04 0.259
2.5%Ni-5.5%Cu/5%Ce0,-Al,0;  212/0.025 357/0.161 539/0.023 0.209
8%Cu/5%Ce0,-Al,0; 194/0.016 333/0.100 484/0.052 0.168

different strengths and total acidity/basicity in terms of mmol/g of ammonia/CO,,
have been included in the tables.

Total acidity of bimetallic Ni-Cu and mono metallic Cu catalysts is less
(0.729-0.983 mmol of NHj;) than that for mono metallic Ni (1.67 mmol of NHj).
Mono metallic Cu and bimetallic Ni-Cu catalysts display relatively weaker acid
sites (desorption temperatures 175-189 °C) compared to mono metallic Ni
(267 °C) and less in site population (0.025-0.068 vs 0.53 mmol of NH,/g). Des-
orption temperatures for medium strength acid sites are in narrow temperature
range, (341-370 °C) revealing that these sites are of nearly same strength across
the series and so also the population of such sites. However, the three bimetallic
Ni—Cu catalysts and mono metallic Cu display relatively stronger acid sites with
desorption temperatures higher (488-528 °C) than mono metallic Ni catalyst at
461 °C, but the population of such stronger sites is less, 0.04—0.1 vs 0.21 mmol of
NH;/g for mono metallic Ni. Introduction of Cu in Ni/CeO,—Al,0; thus results in
moderation of overall acidity and generation of weaker acid sites.

Total basicity of Ni—Cu bimetallic catalysts is slightly higher than the two
mono metallic catalysts. While there are no significant changes in terms of
strength or population of weak and medium strength basic sites, stronger basic
sites (with desorption temperatures (519-577 °C) are observed with bimetallic
catalysts compared to mono metallic catalysts (with desorption temperatures 484
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and 486 °C). Majority of basic sites in Ni—Cu bimetallic catalysts are of medium
strength, along with small amounts of stronger basic sites.

Conversion of ethanol into higher carbon number alcohols

Distribution of products

Graphical representation of the data on the conversion of ethanol and selectivity to
butanol and higher carbon number alcohols at 200 °C on Ni—Cu series of bimetallic
catalysts supported on ceria modified alumina is presented in Fig. 2 and the respec-
tive values are compiled in Table S5 for ready reference. Major products obtained
include butanol, hexanol and octanol with ethylene as the major by product along
with small amounts of C,—Cs hydrocarbons and oxides of carbon. Besides C,—Cq
aldehydes, ketones and esters are observed in trace amounts. Small amounts of acet-
aldehyde and butyraldehyde in the product stream for Ni—Cu bimetallic catalysts
indicate that the process follows typical Guerbet chemistry pathway. Thus, overall
product pattern and hence reaction pathway in the case of Ni-Cu catalysts is similar
to the ones observed in mono metallic Ni, and Cu catalysts.

Trends in ethanol conversion and selectivity

While mono metallic Ni displays higher ethanol conversion of 41.1%, monometallic
Cu shows very low conversion of 18% under identical reaction conditions. Lower
ethanol conversion of alumina supported Cu vs Ni was reported by [22], who have
investigated ethanol conversion on alumina supported Ni (16% and 19% loading) Co
(16% loading) and Cu (1.5% and 4.5% loading) in continuous flow mode at 240 °C
and 70 bar pressure. While the conversion was 27% and 25% on Co and Ni cata-
lysts, respectively, it was only 12-14% on Cu catalysts. Butanol selectivity observed

Fig.2 Activity data for

Ni-Cu bimetallic catalysts

A) 8%Ni/5%Ce0,-Al, 05, B)
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was 60—-65% on Co and Ni catalysts and 55-65% on Cu under their reaction condi-
tions. Literature data on copper-based catalysts for condensation of ethanol, com-
plied in Table S3, show that the activity/conversion depends on the type of the
supports used. It is observed Cu based catalysts with alumina/modified alumina sup-
ports display lower ethanol conversion. However, Cu when supported on HTC type
Mg-Al-O oxides (PMO—porous metal oxides) [14] are fairly active, with 37.8%
conversion, albeit at higher temperatures, at 310 °C. In the case of ceria promoted
Cu catalyst on different supports, [23] observed that Cu supported on ceria modified
activated carbon (AC) displayed higher conversion when compared alumina or silica
supported Cu catalysts. Presence of Cu in Cu? state on these supports is considered
to be responsible for low activity of Cu.

In the present case, XPS data on 8% Cu/CeO,—Al,O, does indicate the presence
of Cu+1(Cu20 phase) in small amount. [22] Also observed presence of Cu?* in alu-
minate phase. In the case of Cu/AC catalysts, complete reduction of Cu to metallic
state is achieved so that all Cu in metallic phase is available for dehydrogenation/
hydrogenation steps. With reactive supports like alumina/modified alumina, due to
fairly strong metal- support interactions, part of Cu is not in reduced state and hence,
the first step in the Guerbet process, namely, dehydrogenation of ethanol to acetal-
dehyde, is relatively slow in comparison with Ni/CeO,—Al,O5. This aspect explains
lower ethanol conversion observed with monometallic Cu observed in the present
work, compared to mono metallic Ni and Co.

Data presented in Fig. 2 and Table S5, show that replacement of 2% Ni with 2%
Cu, has resulted in slight increase in ethanol conversion from 41.1 to 45.1% with a
concomitant decrease in butanol and higher alcohol selectivity. On further increase
in Cu to 4%, ethanol conversion decreases significantly, to 37%. In both cases,
butanol and higher alcohol selectivity are nearly the same. With increase in Cu con-
tent to 5.5% ethanol conversion decreases further to 32% while selectivity to butanol
and higher alcohols increases significantly, to 55.6% and 77.3%.

Increase in conversion is seen only when Cu loading is 2% and at higher Cu load-
ing activity decreases. Formation of Ni—Cu alloy (as indicated by TPR and XPS
studies) could be responsible for the increase in ethanol conversion and formation
of butanol and higher alcohols [14]. In the present case, it is likely that the effect
of alloying on activity is seen only with lower loading of Cu. Besides, as indicated
in acidity and basicity data for Nu—Cu catalysts, (Tables 3 and 4) generation of
weaker acidic and basic sites and stronger acidic and basic sites across the Ni—Cu
series is another factor responsible for higher butanol and higher alcohol selectiv-
ity. Presence of weaker acid sites and decrease in total acidity in Ni—Cu bimetal-
lic catalysts is responsible for nearly constant selectivity observed for ethyl acetate.
However, substantial decrease in selectivity for ethylene is observed as Cu con-
tent increases which could be due to decrease in overall acidity across the series
(Table S6). With maximum butanol selectivity of 55.6%, the catalyst formulation
2.5%Ni-5.5%Cu/5%Ce0,—Al,O, shows butanol yield of 17.9% at low reaction tem-
perature of 200 °C. Other catalysts like Nil0Cul0-PMO (21.1%) and Cu-HASCeO,
(30%) display higher yields at severe process conditions like 310 °C/80 bar pressure
and supercritical CO, process conditions. Further optimization of Cu-Ni composi-
tion could result in higher butanol yield. Recently, [24] could achieve 44% ethanol
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conversion, 75% selectivity at 300-350 °C and WHSV-0.1-0.2 h~! with Cu/MgO-
Al,O5 catalyst.

Conclusions

A series of bimetallic Ni—Cu catalysts supported on ceria modified alumina have
been prepared and characterized by XRD, TPR, XPS and acidity-basicity measure-
ments. Formation of Ni-Cu alloys at specific compositions, as indicated by TPR and
XPS results, leads to the promotion of dehydrogenation-hydrogenation function of
the process. Generation of weaker acid sites and stronger basic sites, when com-
pared to mono metallic Ni and Cu catalysts, results in improvements in the selectiv-
ity for butanol and higher carbon number alcohols. Bimetallic catalyst with compo-
sition 5.5% Cu-2.5% Ni displays maximum butanol selectivity of 55.6% and total
higher alcohol selectivity of 77.3% among the series of catalysts and at lower reac-
tion temperature of 200 °C. Other Ni—Cu bimetallic catalysts reported in literature
are active at temperatures > 300 °C. Further optimization of Cu and Ni composi-
tion and support acidity/basicity, could result in catalysts with better performance.
Design of bimetallic catalysts with optimum composition is an useful strategy for
improving overall process efficiency.
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