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A B S T R A C T

The performance of two copper-based catalysts, Cu/ZrO2 and Ga2O3/Cu/ZrO2, in regards the reverse water gas
shift (RWGS) reaction as compared with their reaction rates for the methanol synthesis reaction (RCH3OH) was
studied using H2/CO2 mixtures at 1.6 and 0.1 MPa, at 498 K. The reactivity studies were carried out using a
Carberry-type microcatalytic reactor operated in the batch (transient) mode after H2 prereduction at 523 K (2 h).

Measurements of the catalytic activity were also made using D2/CO2 mixtures (0.1 MPa, 498 K) to assess
isotope effects. For Cu/ZrO2, the initial RWGS reaction rate using D2 instead of H2 was slightly higher whereas
such rate was about equal for the ternary catalyst.

Kinetic rate expressions obtained from the Langmuir-Hinshelwood-Hougen-Watson formalism were used to
model and analyze the experimental results and the reaction mechanism(s) of the RWGS on these catalysts.
Congruence was found between the experimental results and a reaction mechanism where (predominantly) CO2

adsorbs dissociatively on the Cu particles (rate-determining step). The reduction of (ad)oxygen and surface
hydroxyls follow afterwards.

1. Introduction

The water gas shift (WGS) reaction, significantly important in many
industrial processes, has been broadly studied on supported metal,
copper-based commercial catalysts such a Cu/ZnO/Al2O3, which are
generally used in the low temperature range (470–520 K) [1]. Com-
paratively, the reverse water gas shift (RWGS) reaction has attracted
less attention, in part because it is not industrially used, and is only
present whenever hydrogen and carbon dioxide coexist in the reaction
mixture. Nowadays, both compounds are used in the synthesis of many
products (e.g., CH3OH, CH4, dimethyl ether (DME), etc.), and the
RWGS is one of the reactions that diminishes the selectivity of such
processes. In the methanol synthesis, for example, the two competing
reactions are the following:

CO2 + 3 H2 ⇄ CH3OH + H2O (RCH3OH)

CO2 + H2 ⇄ CO + H2O (RRWGS)

Therefore, it is crucial to fully understand the mechanism(s)
through which the RWGS proceeds, so as to be able to control it, and
improve selectivity.

In general, two different mechanisms for the direct and/or the re-
verse water gas shift reactions have been postulated: dissociative and
associative [2]. In the first one, also named regenerative or redox, the
reactants are oxidized or reduced separately on the catalyst surface:

H2O + ° ⇄ H2 + O − °

O − ° + CO ⇄ CO2 + °,

whereas in the associative mechanism the reaction occurs via a surface
intermediate:

CO + H2O ⇄ intermediate

intermediate ⇄ CO2 + H2

The nature and the reaction mechanism of the RWGS using copper-
based catalysts (not only commercial materials, but also Cu/SiO2 and/
or Cu single crystals) are still under debate. The dissociative mechanism
has been generally postulated [1,3–7], although, depending on pres-
sure, temperature and composition of the feed, it has also been reported
that CO may be produced on copper via an associative mechanism
[4,7–14]. With regard to the latter one, formate has been traditionally
postulated as the key intermediate [13–15]. More recently, however,
some DFT studies have suggested that carboxyl is the key intermediate
in the associative mechanism of the RWGS reaction on copper
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[7,9–11,16] and that formate is just a surface spectator [7,9]. Yet, the
likelihood of both mechanisms proceeding simultaneously has also been
put forward as well [16,17].

Concerning Cu/ZrO2 catalysts, Fisher and Bell [12] postulated that
the RWGS occurs mostly on the metal because, upon comparing Cu/
silica catalysts with and without added ZrO2, the rate of said reaction
was not significantly enhanced. Meanwhile, Wokaun and coworkers
postulated that CO2 and CO can interconvert −on the support- via a
formate intermediate, endorsing an associative, bifunctional me-
chanism [13,14].

For methanol synthesis, and using H2/CO2/He mixtures, ternary
catalysts based on Cu-Ga-Zr presented similar yield, but higher se-
lectivity to the alcohol, in comparison with their binary Cu-Zr coun-
terparts [18]. Said behavior was observed both under steady state and
under initial, transient conditions (that is, evaluating only the synthesis
of the alcohol together with the RWGS from CO2 with independence of
the dry methanol synthesis from CO and/or the alcohol decomposition
[19]). This last type of experiments showed that the intrinsic selectivity
of the ternary catalyst was superior.

At first sight, then, the RWGS activity of both catalysts appeared as
substantially different. So, we judged interesting to progress in the
study of these materials (which belong in the class of “sinergetic cata-
lysts” [7], alternative to the conventional, commercial methanol
synthesis catalysts), to increase the understanding − and eventually
unravel the underlying causes − of such observations and identify
more explicitly the roles of each component of the catalysts in the re-
action.

Our ultimate goal is, then, to identify the main reaction pathway(s)
of the RWGS in Cu-Zr and Cu-Ga-Zr catalysts and estimate quantita-
tively the likelihood of the existence of more than just one mechanism
acting simultaneously. For this purpose, the catalytic activity for the
RWGS reaction was evaluated under differential conversion conditions
at intermediate and low (atmospheric) pressure, seeking thus to dis-
engage its analysis from the remaining reactions that occur in the me-
thanol synthesis. Besides, the existence (or lack) of kinetic isotope effect
in the RWGS was studied by substituting hydrogen for deuterium, and
the initial reaction rate expressions resulting from the proposed com-
peting mechanisms were compared so as to discriminate between the
different kinetic models.

We believe that this (chemical reaction engineering-based mod-
eling) approach may provide substantial, new elements for the rational
design of novel catalysts, like Cu-Ga-Zr, capable of overcoming present
hurdles, such as process selectivity, in the synthesis of methanol from
CO2.

2. Experimental

2.1. Catalysts preparation

Two Cu/ZrO2 and Ga2O3/Cu/ZrO2 catalysts were prepared as al-
ready detailed in previous work [18,19]. Briefly, zirconia was synthe-
sized via the sol-gel method. After drying and calcining in air (383 and
673 K, resp.), the specific surface area of the pure ZrO2 was 35 m2/g
(determined by the Brunauer-Emmett-Teller method). Copper was in-
corporated by ion exchanging an aqueous solution of ammonia copper
complexes at pH 11 (mainly [Cu(NH3)4]2+) with the powdered support,
for 2 h, under stirring. The liquid volume to solid mass ratio was
200 ml/g. Next, the suspension was filtered and washed for 15 min with
NH4OH(aq), at pH 11. This procedure was repeated twice. The material
was then dried and air calcined (383 and 673 K, resp.). The metal
loading of the binary Cu/ZrO2 catalyst so obtained was 2.6 wt.% and
the specific surface area was 29 m2/g. After reducing at 553 K the metal
dispersion, measured by reactive frontal chromatography [20], was
5.4%.

Gallium oxide was incorporated to an aliquot of the calcined Cu/
ZrO2 catalyst by incipient wetness impregnation of Ga(NO3)3 in

aqueous solution (3.8 wt.% of Ga2O3; Ga/Cu = 1/1 at./at.). The
dried and calcined (673 K) Ga2O3/Cu/ZrO2 catalyst had a specific
surface area of 9 m2/g and, after reduction at 553 K, the metal dis-
persion was then 2%. No incorporation of Cu2+ or Ga3+ ions into
the structural network of the zirconia, nor any peak of segregated
crystallized Ga2O3 phase(s), were observed by XRD, thus suggesting
only the presence of highly dispersed, amorphous gallia [18]. A
detailed characterization of these ternary Cu-Ga-Zr catalysts by TPR
and XPS, where the copper-gallia interaction was purposely ana-
lyzed, can be found elsewhere [21].

2.2. Catalytic activity measurements

All reactivity studies were carried out using a Carberry-type mi-
crocatalytic reactor operated in the batch (transient) mode, whose
manufacture and operational features were presented recently by some
of us [22]. Briefly, the reactor consists of a small, removable, magne-
tically stirred spinning basket that can be filled with the crushed and
sieved catalyst, located inside a leak valve (volume: ∼ 37 cm3). The
valve allows the continuous sampling of the gas content to a mass
spectrometer at the expense of only a small pressure change inside the
microreactor. The complete set up features a premixer of the reaction
mixture and a high rating bellows valve to fill the microreactor from the
premixer. All the internal parts were gold-plated to ensure inertness.

Cylindrical tablets of 1 cm diameter and approx. 0.25 mm thickness
of both catalysts, as well as the support, were prepared using a la-
boratory press. The tablets were crushed and sieved (−20/+30 Tyler
mesh, 0.5–0.8 mm) prior to placing the solid particles inside the reactor
baskets.

For every experimental run a fresh batch of each material was
loaded into the reactor and reduced in situ in flowing H2 (50 ml/min),
using a heating ramp of 2 K/min, from room temperature to 523 K (i.e.,
enough to ensure copper reduction) [21], and then keeping this last
temperature for 2 h. Next, still under H2 flow, the reactor was cooled
down to the selected reaction temperature (498 K) and evacuated
(600 Pa) for 20 min prior to catalytic evaluation. Given the geometric
dimensions of the particles used, and the magnitude of initial reaction
rates that were measured, the reaction system always operated within
the kinetic regime [22]. Blank runs using just the empty microreactor
and/or loading it with the ZrO2 support were performed. In either case,
no reactants conversion was observed.

A 64-channel mass spectrometer (Residual gas analyzer Balzers
QMS 421, 0–300 amu range), with a QMH 400-5 quadrupole and SEM
and Faraday cup detectors was employed to measure continuously the
gas composition inside the microreactor. Two daily calibrations were
performed to correlate the signal intensities in the MS with the re-
spective molar fraction of each component inside the microreactor, for
the full range of expected concentrations. The first calibration was
made using a blank run. To calibrate the signals of the reaction pro-
ducts, a gas mixture with the thermodynamic equilibrium composition
at same temperature and pressure was used instead. More details about
these MS measurements can be found in a previous work [22].

Ultra high purity gases were used (H2, He and Ar INDURA, grade 5;
H2/CO2/He = 75/22/3 v/v, INDURA certified mixture; CO2 and CO,
99.99% pure). Silicagel was used to eliminate water traces in both, H2

and the H2/CO2/He gas mixtures. CO was purified using crushed quartz
(-20/+30 Tyler mesh) at 473 K, to decompose metal carbonyls. The
deuterium used was Scott CP grade, 99.7%, with no further purifica-
tion.

2.2.1. Medium pressure measurements (Methanol synthesis activity)
The catalytic performance of Cu/ZrO2 and Ga2O3/Cu/ZrO2 (approx.

1 g/ea.) was first evaluated at 1.6 MPa and 498 K, using a H2/CO2/
He = 75/22/3 v/v mixture. After 2 h the reactor was evacuated
(600 Pa) for 20 min. The gas mixture was again introduced into the
reactor under the same reaction conditions (1.6 MPa and 498 K) and
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kept for 40 min. The evacuation/reaction procedure was repeated once
more. In what follows the three sequential reaction events will be de-
signated as runs ‘am’, ‘bm’ and ‘cm’. Two calibration mixtures were
used to take these measurements, with H2/CO2/He = 75/22/3 v/v and
H2/CO2/CO/CH3OH/H2O/He = 70/19/2.4/1.6/4/3 v/v.

2.2.2. Atmospheric pressure measurements (Reverse water gas shift activity)
Approximately 0.1 g of each material was used to evaluate their

catalytic performance at 0.1 MPa and 498 K, using a H2/CO2/Ar = 66/
22/12 v/v mixture prepared in the premixer. After 40 min the reactor
was evacuated (600 Pa) for 20 min. The gas mixture was again in-
troduced under the same reaction conditions (0.1 MPa and 498 K) and
kept for 40 min. The evacuation/reaction procedure was repeated once
more. From now on, the three sequential reaction events will be de-
signated as runs ‘al’, ‘bl’ and ‘cl’. Two calibration mixtures were used to
take these measurements, with H2/CO2/Ar = 66/22/12 v/v and H2/
CO2/CO/H2O/Ar = 63/19/3/3/12 v/v.

To assess in more detail the superficial change(s) of the Cu/ZrO2

catalyst between the initial reduced state to the ‘operational state’ in the
synthesis and the RWGS reactions, its performance was also evaluated
at 0.1 MPa and 498 K with a H2/CO2/Ar = 30/30/40 v/v gas mixture,
using 1 g of catalyst and the same experimental protocol described
before for the ’al’ run. After 40 min of reaction the microreactor was
evacuated (600 Pa) during 20 min and then a H2/Ar = 30/70 v/v
mixture was introduced (0.1 MPa), to analyze the reactivity toward
hydrogen of the species chemisorbed onto the catalyst surface.

The performance of each catalyst was also evaluated using a D2/
CO2/Ar = 66/22/12 v/v mixture (approx. 0.1 g/ea., at 0.1 MPa and
498 K), to appraise the impact of any isotope effect in the RWGS. The
experimental procedure was similar to that described in the previous
paragraphs with just slight modifications, namely: prior to the first dose
of the reaction mixture the materials were reduced with pure D2

(50 ml/min, 30 min) at 498 K, so as to replace all of the surface hy-
drogen species left by the initial reduction with H2 for 2 h. Only two
consecutive runs (‘alD’ and ‘blD’) were made in this case. The calibra-
tion mixtures used to take these last measurements were D2/CO2/
Ar = 66/22/12 v/v and D2/CO2/CO/D2O/Ar = 63/19/3/3/12 v/v.

3. Results and discussion

3.1. Catalytic performance at medium pressure

Fig. 1 shows the results obtained for Cu/ZrO2 at 1.6 MPa (H2/CO2/
He = 75/22/3 v/v, 498 K) during the first experimental run, made
right after the reduction of the catalyst (run ‘am’). The Supplementary
material section contains the results corresponding to the consecutive
runs performed with the catalyst, ‘bm’ and ‘cm’ (Figs. S.1 and S.2), as
well as the ones for the complete set of experimental runs done with
Ga2O3/Cu/ZrO2 (Figs. S.3–S.5). The equilibrium composition of the
reacting system (indicated with straight lines, for each component)
calculated by considering the initial pressure inside the reactor and a
pressure drop of 0.1 MPa/h due to the continuous gas sampling from
the leak valve, is also given in the figure.

A continuous decrease of the molar fractions of CO2 and H2 with
reaction time inside the reactor, as well as the increase of those of
CH3OH, CO and H2O, can be readily appreciated in the figure.
Noteworthily, in all these experiments the molar fractions of dimethyl
ether and methane were always less than 0.01 and 0.05%, respectively.
For the transient reaction period (“onset”), the molar fractions of hy-
drogen and water could not be measured without significant un-
certainty (dashed lines in Fig. 1). This is due to the relatively high
background pressure of said components inside the sampling chamber
of the mass spectrometer before the start of the transient experiment, as
a result of the previous pre-reduction of the catalyst with H2 [22].

Because the synthesis reaction features a change in the number of
moles, Δν, the equilibrium molar fractions in the reacting system are

pressure-dependent. Therefore, initial reaction rates were estimated
using only the experimental data taken during the first 20 min, where
the equilibrium molar fraction of methanol only decreases by approx.
3%.

An enlargement of Fig. 1 that shows the first minutes of the ex-
perimental run ‘am’ is shown in Fig. 2 (the Supplementary material
section contains the enlarged view of this period for all the consecutive
runs made with both catalysts, Figs. S.6–S.10). After less than 2 min the
increase in the molar fractions of CH3OH and CO with time was

Fig. 1. Methanol synthesis activity at medium pressure on Cu/ZrO2 (gas mixture: H2/
CO2/He = 75/22/3 v/v; run ‘am’) at 1.6 MPa, 498 K (1 g cat.): YH2, red. YCO2, orange.
YCH3OH, blue. YCO, magenta. YH2O, light blue. Straight lines: YXX

eq (See text). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Initial catalytic activity in the methanol synthesis at medium pressure on Cu/ZrO2

(gas mixture H2/CO2/He = 75/22/3 v/v; run ‘am’) at 1.6 MPa, 498 K (1 g cat.): YCH3OH,
blue. YCO, magenta.(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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practically linear but, also, there was a “onset concentration shift” in
the measured molar fractions for both products during the first minute
(which diminished in the consecutive runs, ‘bm’ and ‘cm’).

This last behavior is related to changes in the surface composition of
the supported metal catalyst from a completely reduced state, in which
only the presence of atomic hydrogen and hydroxyls was expected, to
an “operating state” where copper is no longer completely reduced, due
to the presence of the CO2 reactant (see below). Additionally, as finely
described by Bell [12,23–25] and Wokaun [13,14] research teams, re-
active carbonaceous species (which constitute reservoirs of inter-
mediates that ultimately lead to the reaction products observable in the
gas phase) built-up onto the support. Said reservoirs of intermediates
were generated in the first experimental run (the one labeled as ‘am’),
carried out with the freshly reduced catalyst while, instead, at the onset
of the consecutive runs ‘bm’ and ‘cm’ some of these intermediates
(which were not completely removed after evacuating down to 600 Pa
for 20 min at 498 K) were still present on the catalyst surface.

Taking these observations into account, the initial reaction rates of
RCH3OH and RCO were calculated using the time period between 3 and
20 min, so as to avoid the inclusion of the transient changes occurring
on the catalyst’ surface at the reaction onset (0–3 min). The complete
set of experimental data of the CH3OH and CO molar fractions (YCH3OH

and YCO) comprised within the chosen time interval could be fit with
straight lines. Table 1 presents the calculated values of RCH3OH and RCO

for Cu/ZrO2 and Ga2O3/Cu/ZrO2 for the three consecutive runs (‘am’,
‘bm’ and ‘cm’), obtained from the slopes of the almost linear evolution
of YCH3OH and YCO, together with the percent selectivity to methanol
(SCH3OH %) calculated from both initial rates [19]. It is apparent that in
all of the consecutive runs the gallium promoted catalyst was more
selective to methanol than the binary one, Cu/ZrO2.

It is worth mentioning that as compared with the first run (‘am’) the
binary catalyst showed a higher reaction rate for the methanol synthesis
(and therefore even greater SCH3OH) in the consecutive runs. This ap-
parently anomalous behavior might well be ascribed to the presence of
a residual amount of chemisorbed water acting as promoter in the
subsequent runs, which was recently also observed by Campbell and
coworkers on Cu/silica catalysts using the H2/CO2 reacting mixture [9].
Likewise, for Cu/ZrO2/SiO2 Fisher and Bell reported that methoxide
adsorbed onto the zirconia (CH3O-Zr) was converted into methanol by
hydrolysis (hydrolytic pathway) faster than by hydrogenation (re-
ductive pathway) [12,23]. Hence, in the consecutive experiments ‘bm’
and ‘cm’ residual, adsorbed water may facilitate the conversion of the
methoxide generated in previous reaction steps and, consequently, lead
to higher methanol reaction rate.

In regards the ternary catalyst, Ga2O3/Cu/ZrO2, the observed changes

of reaction rate and/or selectivity among the consecutive runs were
within the experimental error and so no further insight was possible.

Table 1 also includes the initial rates of CO production measured
with the freshly reduced catalysts (‘am’ runs) normalized by surface
area, as well as the corresponding TOFCO values. It can be appreciated
that even though the RCO normalized by mass were higher in the binary
catalyst than in the ternary one, said rates were approximately equal
after surface area normalization, and the TOFs were about the same as
well. Thence, it was not possible to discriminate ‘a priori’ which is the
prevailing mechanism for CO production on both catalysts, and addi-
tional effort was needed to extract deeper comprehension on this matter
(see below).

3.2. Catalytic performance at atmospheric pressure

Experiments were carried out at atmospheric pressure to understand
further the performance of both catalysts in the RWGS reaction, and to
address issues related to their selectivity in the synthesis of methanol.
The underlying rationale for this approach was that, because the partial
order of reaction for hydrogen in the main (methanol synthesis) reac-
tion is smaller than in the RWGS reaction [26–28], the relative rate of
the former decreases significantly at lower pressure and, therefore, at-
mospheric pressure experiments allow focusing on the RWGS reaction
instead.

Fig. 3 details the time evolution of the molar fraction of CO, YCO, for
the consecutive experiments made under these new conditions
(0.1 MPa, 498 K, H2/CO2/Ar = 66/22/12 v/v) with Cu/ZrO2 and
Ga2O3/Cu/ZrO2 (runs labeled ‘al’, ‘bl’, and ‘cl’), respectively. The time
evolution of the molar fractions of the remaining components in the
reacting system is shown in the Supplementary material section, Figs.
S.11-S.16. The only compounds that were detected in these experiments
were those of the RWGS proper: H2, CO2, CO and H2O. The measured
molar fractions of hydrogen and water were only representative of their
true values inside the microreactor after a few minutes, as explained
above.

As Fig. 3 shows, for Cu/ZrO2 there was a pronounced, progressive
decrease in CO production during the transient reaction period (onset)
throughout the three consecutive runs. This behavior could not be fully
perceived, though, with the ternary catalyst, Ga2O3/Cu/ZrO2, most
likely due to the low values of YCO, closer to the detection limit of the
mass spectrometer.

In addition, during the first run performed with Cu/ZrO2 (run ‘al’)
the recorded molar fraction of water was consistently lower than that of
carbon monoxide (which would imply lack of mass balance closure if
only the RWGS reaction was considered, see Fig. S.11). Said feature was

Table 1
Initial values of the reaction rates for methanol (RCH3OH) and carbon monoxide (RCO) production, and percent selectivity to methanol (SCH3OH %) at medium pressure, for Cu/ZrO2 and
Ga2O3/Cu/ZrO2. Experimental conditions: H2/CO2/He = 75/22/3 v/v; T = 498 K; P = 1.6 MPa; 1 g cat. Consecutive runs: ‘am’, ‘bm’ and ‘cm’ (‘Initial’ stands for experimental data taken
after the reaction onset − See text).

Catalyst RCH3OH × 108 (mol/gcat.s)a,b RCO × 108 (mol/gcat.s)c,b SCH3OH (%)f

Run Run Run

‘am’ ‘bm’ ‘cm’ ‘am’ ‘bm’ ‘cm’ ‘am’ ‘bm’ ‘cm’

Cu/ZrO2 1.11 1.94 2.33 6.42 (0.22)d 6.75 (0.23)d 7.70 (0.27)d 15 22 23
(2.91 × 10−3)e

Ga2O3/Cu/ZrO2 1.92 1.49 1.59 2.46 (0.27)d 2.46 (0.27)d 3.04 (0.34)d 44 38 34
(3.07 × 10−3)e

a RCH3OH: CO2 + 3H2 ⇄ CH3OH + H2O.
b The values of the coefficient of determination of each linear regression for ΔYi vs. Δt (i= CH3OH or CO) within the 3 to 20 min time interval, together with the 95% confidence

interval for each estimated rate value is given in Supplementary material, Table S.1.
c RCO: CO2 + H2 ⇄ CO + H2O [RWGS].
d Parentheses: Surface-normalized rates, R × 108 (mol/m2

cat.s).
e Turnover frequencies expressed as molecules of CO per copper surface atom per second.
f SCH3OH (%) = RCH3OH/(RCH3OH + RCO) × 100.
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not registered in the following, consecutive runs ‘bl’ and ‘cl’ where the
mass balance was satisfactory (Figs. S.12 and S.13). These observations
are entirely congruent with the occurrence of changes in the surface
structure of the supported metal catalyst during the onset (i.e., non-
linear) period, from a completely reduced state to one in which atomic
and/or molecular (ad)species were formed.

To explore in greater detail these superficial changes in Cu/ZrO2,
which was the material with higher activity for the RWGS reaction, a
different gas mixture: H2/CO2/Ar = 30/30/40 v/v and a fresh, 10-fold
higher mass of catalyst were used (0.1 MPa, 498 K, 1 g cat.). Under
these pressure and temperature conditions the equilibrium composition
of the gas mixture is: H2/CO2/CO/H2O/Ar = 27.6/27.6/2.37/2.37/
40 v/v. As it can be appreciated in Fig. 4 the recorded values of YCO, at
variance with those of YH2O, were higher than the ones corresponding
to chemical equilibrium. This behavior can be explained by recalling
the following oxidation reaction (where the • symbol indicates a metal
site):

CO2 + •⇄ CO + O− • (Roxid)

In the second stage of this new experiment, vacuum was applied
(600 Pa) after 40 min of reaction and only hydrogen was incorporated
into the reaction vessel (H2/Ar = 30/70 v/v, 0.1 MPa and 498 K).
Significant production of H2O, but almost no CO generation was then
observed (Fig. 5), which is entirely consistent with the occurrence of
the reduction of the previously formed atomic (ad)species:

O − • + H2 ⇄ • + H2O (Rred)

The traces of CO observed could likely be due to by-products from re-
mains of carbonate species left after the previous reaction/evacuation
stages, which then became transformed to CO. Most likely said carbo-
nate remains hydrogenated to formate, which in turn decomposed −
slowly − into CO and H2O, as no CO2 production was registered.

These experimental results show that the surface of the freshly re-
duced catalyst is continuously modified during the onset of the RWGS
reaction (and methanol synthesis), until a pseudo steady-state compo-
sition is acquired. In particular, they strongly suggest that atomic
oxygen adsorbed on(to) the copper particles (Roxid) is immediately
produced, a fact that has certainly, and repeatedly, been reported by
several workers [5,29–32].

In particular, using Cu/ZnO/Al2O3 Chinchen et al. put forward that,
under methanol synthesis conditions, the coverage of oxygen (ad)
sorbed on copper, O(a), is controlled by CO2 dissociation and that the
value of said coverage depends upon the pCO2/pCO ratio (for our Cu-Ga-
Zr catalysts this aspect will be fully discussed in a forthcoming paper).
Additionally, they demonstrated that this O(a) (free energy of forma-
tion, ΔGf° = –240 kJ/mol at 513 K) is more stable than cuprous oxide,
Cu2O (ΔGf°= –130 kJ/mol). So, they concluded that under typical al-
cohol synthesis conditions the state of ‘operational equilibrium’ of
copper under steady state is Cu0, together with a 0.3 monolayer of (ad)
sorbed oxygen [30]. Meanwhile, Tang et al. demonstrated by theore-
tical calculations (‘first principles kinetic Monte Carlo simulation’) that
for Cu/ZrO2 catalysts there is ‘a sinergetic effect’ that allows CO2 de-
composition, resulting in the presence of up to 85% atomic O(a) at the
metal-support interface [33].

The initial reaction rates of the RWGS reaction (RRWGS = RCO) for
Cu/ZrO2 and Ga2O3/Cu/ZrO2, for the three consecutive runs conducted
at atmospheric pressure (0.1 MPa and 498 K, 0.1 g cat.) employing the
H2/CO2/Ar = 66/22/12 v/v gas mixture are shown in Table 2. It is
worth mentioning that the ratio of moles of reactants-to-catalyst mass
in all of these atmospheric pressure experiments was lower than the one
used in the medium pressure series, performed at 1.6 MPa and with 1 g
cat. Consequently, the non-catalytic consumption of reactants that
modifies the catalysts’ surface at the earlier stages of the experiments
was larger, and lasted longer, in these last low-pressure series (compare
the non-linear, onset regions in Figs. 2 and 3). The rates were then
calculated using the recorded values of YCO in the linear region of CO
production (the 10 to 40 min time interval), as explained above.

For each catalyst, the initial rates of the RWGS reaction at medium
vs. atmospheric pressure were similar (see values in Table 1 vs.
Table 2), but on the binary Cu/ZrO2 catalyst said reaction rates were
somewhat higher at 1.6 MPa (approx. 40%). Also, the initial rate on this
catalyst decreased by approx. 20% with the consecutive runs performed
at 0.1 MPa (i.e., runs ‘al’, ‘bl’ and ‘cl’) whereas such trend was not ob-
served at medium pressure. These observations might be related with

Fig. 4. Catalytic activity in the RWGS reaction on Cu/ZrO2 (gas mixture H2/CO2/
Ar = 30/30/40 v/v; 1 g cat.) at 0.1 MPa, 498 K: YCO, magenta. YH2O, light blue. Straight
line: YXX

eq (See text). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 5. Post-reaction reduction of Cu/ZrO2 (gas mixture: H2/Ar = 30/70 v/v; 1 g cat.) at
0.1 MPa, 498 K: YCO, magenta. YH2O, light blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. CO production in the RWGS reaction at atmospheric pressure, for Cu/ZrO2 and
Ga2O3/Cu/ZrO2 (H2/CO2/Ar = 66/22/12 v/v; runs ‘al’, ‘bl’ and ‘cl’) at 0.1 MPa, 498 K
(0.1 g cat.). YCO

eq= 3%.
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the fact that, depending upon total pressure, the RWGS reaction took
place simultaneously on copper and on the ZrO2 support, as it is dis-
cussed and analyzed in more detail below. Overall, similar trends with
regard to the initial rates of the RWGS reaction were observed in the
gallium promoted, ternary catalyst, Ga2O3/Cu/ZrO2.

Fig. 6 shows the YCO values that were measured conducting the
RWGS using a reaction mixture containing deuterium instead of hy-
drogen, under the same experimental conditions as before (0.1 MPa,
498 K, D2/CO2/Ar = 66/22/12 v/v, 0.1 g cat.) for two consecutive
runs made with both catalysts, Cu/ZrO2 and Ga2O3/Cu/ZrO2 (labeled
‘alD’ and ‘blD’ hereafter). The time evolution of the molar fractions of
the remaining component of the reaction system is given in the Sup-
plementary material section (Figs. S.17–S.20). The experimental error
of the YD2O measurement in these isotope studies was higher (∼ 15%),
because the most important signal for deuterated water (m/z= 20,
D2O+) superimposed with that of Ar++ and because, in addition, its
signal intensity (response factor) is low. A thermodynamic isotope ef-
fect ensues upon using D2 instead of H2 in the RWGS reaction: KD/
KH ∼ 6 (see Appendix A). Consequently, the equilibrium molar frac-
tions of CO and D2O are higher than in the experiments carried out with

H2/CO2. Kunkes et al. obtained experimental values of KD/KH ∼ 5.1 at
523 K using a ternary gas feed [7].

It can be noticed in Fig. 6 (binary catalyst) that the onset (i.e., the
transient period) was shorter than in the experimental runs made with
hydrogen (Fig. 3) and, also, that the molar fraction of CO during said
transient was smaller. So, taking into account that CO is produced at the
earlier stages of the reaction via the dissociative adsorption of CO2 on
copper, and assuming that said reaction (Roxid) constitutes an intrinsic
part of the catalytic cycle for the RWGS (i.e., the ‘dissociative me-
chanism’), such decrease in the production of CO can be readily as-
cribed to a direct kinetic isotope effect acting on the rate of the atomic
surface oxygen reduction step. This is in complete agreement with Tang
et al.’s calculations, which indicate that for the RWGS on Cu/ZrO2 the
removal of the oxidative species is kinetically slow [33].

In other words, assuming that the rate determining step (rds) of the
RWGS during the transient reaction period was the combination of
surface atoms of hydrogen(deuterium) with that of oxygen (from the
facile dissociation of CO2 onto the surface of the completely pre-reduced
metal surface at the beginning of the experiment):

H− • + O − • ⇄ HO− • + •

or

D− • + O − •⇄ DO− • + •

this would lead to:

= =− − − −R k θ θ R k θ θ. . or . .H H O H D D O D• • • • (1)

With kH/kD ∼ 1.5 (see Appendix B) and θH/θD higher than 1 at 498 K
[34–36], the ‘reduction’ rate of the superficial atomic oxygen would be
higher with hydrogen than with deuterium (ad)atoms, which in turn
would lead to a larger production of CO from the dissociative adsorp-
tion of CO2 for the H2/CO2 reaction mixture instead of D2/CO2, during
these first 10 min of reaction, as observed in Fig. 6.

On the other hand, Table 2 displays the initial rate values of the
RWGS (RCO = R(D)RWGS) calculated within the 10–40 min interval (once
more: after the onset period) for the two consecutive experiments carried
out using D2/CO2, runs ‘alD’ and ‘blD’, and for the Cu/ZrO2 and Ga2O3/
Cu/ZrO2 catalysts, at 0.1 MPa and 498 K (D2/CO2/Ar = 66/22/12 v/v,
0.1 g cat.). The comparison of these values with the ones calculated for
the conventional H2/CO2 gas mixture (Table 2) do not show significant
differences in catalytic performance. If anything, it appears to be only a
slight minor inverse kinetic isotope effect (RRWGS<R(D)RWGS) of approx.
30%, observable on the binary Cu/ZrO2 catalyst. Nonetheless, this allows
postulating, prima facie, that once a pseudo steady-state is reached on the
catalyst surface, none of the elementary steps of the RWGS that could be
considered as rds would involve breaking any molecular bond involving
hydrogen, because if that were the case a direct kinetic isotope kinetic
effect would have been observed (kH>kD) − See Appendix B −.

3.3. RWGS analysis via competing kinetic models (Model discrimination)

After obtaining the initial reaction rates of the RWGS reaction on
Cu/ZrO2 and Ga2O3/Cu/ZrO2 from H2/CO2 using medium (1.6 MPa)
and atmospheric pressure (0.1 MPa), as well as D2 at 0.1 MPa, it is in-
teresting to inquire about whether the experimental data taken after the
onset of the reaction (that is, after a pseudo steady-state was already
achieved) could be correlated with theoretical predictions derived from
the reaction pathways reported in the literature for supported metal
catalysts. In particular, it is most appealing to examine whether the
metal, or the support, or both, are responsible for the observed catalytic
performance.

Considering the metal surface as the sole responsible − as a first
alternative − it is worth recalling that for copper-based supported
catalysts several authors have postulated the dissociative mechanism as
the appropriate choice [12,37,38]. On these grounds, the following

Table 2
Initial values of the reaction rate for carbon monoxide production (RCO) at atmospheric
pressure, for Cu/ZrO2 and Ga2O3/Cu/ZrO2. Experimental conditions: Gas mixtures H2/
CO2/Ar = 66/22/12 v/v and D2/CO2/Ar = 66/22/12 v/v; T = 498 K; P = 0.1 MPa;
0.1 g cat. Consecutive runs (‘Initial’ stands for experimental data taken after the reaction
onset − See text).

Catalyst RCO × 108 (mol CO/gcat .s)

H2/CO2/Ar = 66/22/12 D2/CO2/Ar = 66/22/12

Runa,b Runc,b

‘al’ ‘bl’ ‘cl’ ‘alD’ ‘blD’

Cu/ZrO2 5.86 (0.20)d 4.82
(0.17)d

4.45
(0.15)d

6.32 (0.22)d 6.23
(0.21)d

(2.65 × 10−3)e (2.86 × 10−3)e

Ga2O3/
Cu/
ZrO2

2.12 (0.24)d 1.97
(0.22)d

1.84
(0.20)d

1.80 (0.20)d 2.07
(0.23)d

(2.59 × 10−3)e (2.20 × 10−3)e

a RCO: CO2 + H2 ⇄ CO + H2O [RWGS].
b The values of the coefficient of determination of each linear regression for ΔYCO vs. Δt

within the 10 to 40 min time interval, together with the 95% confidence interval for each
estimated rate value is given in Supplementary material, Table S.2.

c RCO: CO2 + D2 ⇄ CO + D2O [(D)RWGS].
d Parentheses: Surface-normalized rates, R × 108 (mol/m2

cat.s).
e Turnover frequencies expressed as molecules of CO per copper surface atom per

second.

Fig. 6. CO production in the RWGS reaction at atmospheric pressure, for Cu/ZrO2 and
Ga2O3/Cu/ZrO2, using deuterium instead of hydrogen (D2/CO2/Ar = 66/22/12 v/v; runs
‘alD’ and ‘blD’), at 0.1 MPa, 498 K (0.1 g cat.).
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elementary reaction steps, DSi, occurring on the metal sites (•) apply:

CO2 + 2 • ⇄ CO− • + O − • (DS1)

H2 + 2 •⇄ 2 H− • (DS2)

H− • + O − •⇄ HO − • + • (DS3)

HO− • + H − • ⇄ H2O− • + • (DS4)

H2O− •⇄ H2O + • (DS5)

CO− •⇄ CO + • (DS6)

Using the Langmuir-Hinshelwood-Hougen-Watson (LHHW) form-
alism (see Appendix C), different expressions for the rate of the RWGS
proceeding on said surface copper sites, but taking as rate determining
step every one that does not imply the breakage of any H(D) bond, can
be obtained. Table S.3 (Supplementary material section) contains the
different kinetic rate expressions that were derived contemplating
successively the dissociative adsorption of CO2 (Model 1), CO deso-
rption (Model 2), or the desorption of H2O (Model 3) as possible rds.

Likewise, selecting a monofunctional, associative mechanism oper-
ating on the metal surface in which carboxyl is the key intermediate, as
suggested by several authors [7,9–11,16], the following sequence of
elementary reaction steps, ASi, results:

H2 + 2 •⇄ 2 H− • (AS1)

CO2 + •⇄ CO2− • (AS2)

CO2− • + H− •⇄ HOCO − • + • (AS3)

HOCO− • + •⇄ CO − • + HO− • (AS4)

CO− •⇄ CO + • (AS5)

HO− • + H− •⇄ H2O− • + • (AS6)

H2O− •⇄ H2O + • (AS7)

On the other hand, considering a bifunctional, associative me-
chanism on both the metal (•) and the support sites (*), and formate as
the key carbonaceous intermediate [13–15], the following sequence of
elementary reaction steps, AS’i, results:

H2 + 2 •⇄ 2 H− • (AS’1)

2 × (H− • + ∗ ⇄ H− ∗ + •) (AS’2)

CO2 + ∗ ⇄ CO2− ∗ (AS’3)

CO2− ∗ + H − ∗⇄ HCOO− ∗ + ∗ (AS’4)

HCOO− ∗ + ∗ ⇄ CO− ∗ + HO− ∗ (AS’5)

CO− ∗ ⇄ CO + ∗ (AS’6)

HO− ∗ + H − ∗⇄ H2O− ∗ + ∗ (AS’7)

H2O− ∗⇄ H2O + ∗ (AS’8)

Again, by means of the LHHW formalism additional kinetic rate
expressions were derived considering as rate determining step (rds)
every one that does not imply the breakage of any H(D) bond, taking
CO desorption (elementary step AS5 − Model 4 − or AS’6 − Model 4′-
), or water desorption (elementary step AS7 − Model 5 − or AS’8 −
Model 5′-) as rds, because for zirconia or copper CO2 adsorption is not
judged to be rate limiting [7,12] (see Supplementary material section,
Table S.3).

The inspection of the kinetic rate expressions for the RWGS reaction
of Table S.3 indicates that the denominators in Models 2 to 5 include
the partial pressures of CO and H2O, which would imply, for initial rates
(that is, whenever the approach to chemical equilibrium is still negli-
gible), that the observed reaction rate should have been significantly
dependent on said partial pressures. Because within the 10–40 min time

interval this was not observed at all (the reaction rate was constant, see
Fig. 3), Model 1 appears as the most adequate.

Considering now that for the reaction conditions employed in this
work the most important term in the denominator of Model 1 is the one
related to the coverage of the copper surface by hydrogen [40], the
following simplified expression can be obtained for initial reaction
conditions:

= =R R
k p

K p
[•]

RWGS DS
CO Tot

H
1

1 2
2

2 2 (2)

Because each partial pressure is related to the respective molar fraction
and the total pressure of the system, PT:

=p Y P.i i T (3)

the initial reaction rate, as indicated by Eq. (2), should be in-
dependent upon the total pressure. This is entirely consistent with the
similar values of the measured reaction rates of the RWGS found at 0.1
and 1.6 MPa (see Tables 1 and 2).

Eq. (2) also allows analyzing the kinetic isotope effect in the experi-
ments performed at 0.1 MPa employing the H2/CO2 and D2/CO2 stoichio-
metric mixtures. In said initial kinetic rate expression the only predicted
difference upon using H2 vs. D2 is the value of the thermodynamic equili-
brium constant of the elementary step corresponding to hydrogen(deu-
terium) dissociation, K2. Because at 498 K said equilibrium constant exhibits
a positive (thermodynamic-caused) isotope effect, (K2(H)/K2(D) ∼ 1.1–1.6)
[34–36] the reaction rate predicted by Eq. (2) for the D2/CO2 mixture
should be somewhat higher, as it was experimentally found (that is, a small
inverse kinetic isotope effect was observed). Summarizing, a dissociative
pathway on the copper surface allows explaining the experimental ob-
servations of the initial reaction rate of the RWGS (which was approxi-
mately constant in the 10 to 40 min interval) on the Cu/ZrO2 binary cata-
lyst. In the Supplementary material section the experimental catalytic
activity data shown in Fig. 3 for Cu/ZrO2 and the calculated values obtained
from the postulated equation given by Model 1 are compared, showing a
fairly reasonable good fit.

Up to this point only a thermodynamic-caused isotope effect was
invoked to account for the experimentally observed initial reaction rates
(after the pseudo steady-state was achieved − 10–40 min −) but, in-
deed, questions might arise in regards a possible compensation between
kinetic rate constants and surface coverage with the active species upon
using H2 vs. D2. It is then appropriate to analyze the expressions for the
kinetic rate constant that would have been obtained by assuming the
breakage of a H(D) bond as rds, instead, considering both the dis-
sociative pathway on copper and the monofunctional and bifunctional
associative mechanisms.

The Supplementary material section contains detailed analyses of
these alternatives (Table S4). In regards the dissociative pathway
(Models 6 and 7 −Table S.4), the model expressions predict a direct
kinetic isotope effect on the reaction rate, which should be lower with
D2 instead of H2. This is at variance with the experimental findings, as
shown in Table 2. On the other hand, all of the kinetic rate expressions
derived by postulating that reaction steps using an associative pathway,
both monofunctional (Models 8 and 9 −Table S.4) and bifunctional
(Models 8′ and 9′ −Table S.4), might be rate determining, predict
substantial increase of the reaction rate (above 100%) upon increasing
the total pressure of the reacting system and/or using hydrogen instead
of deuterium. Thus, the predictions of these models fail to adequately
match the experimental data. Nonetheless, it is not unlikely that the
higher RWGS reaction rates found at 1.6 vs. 0.1 MPa (approx. 40%, on
average) might be indicative that associative pathways are also oper-
ating at the intermediate pressure together with the predominant, dis-
sociative pathway on the metal, being the latter the only operative
pathway at atmospheric pressure. Same conclusion (that is, CO2 dis-
sociation as rds) was found using Cu(110) −under specific conditions-
[39], Cu(111) and Cu(100) −assuming a redox mechanism– [10] as

E.L. Fornero et al. Journal of CO₂ Utilization 22 (2017) 289–298

295



model catalysts, and for Cu/ZrO2 [33].
The lower catalytic activity for the RWGS reaction of Ga2O3/Cu/

ZrO2 precluded us from undertaking further analyses of its initial re-
action rate data. Be that as it may, no recognizable kinetic isotope effect
was observed upon using D2 instead of H2 with this catalyst.
Nonetheless, the general trends observed in regard to the RWGS rate
changes with total pressure, and/or among consecutive runs, were si-
milar for both catalysts (Tables 1 and 2). Consequently, we surmise that
the predominant reaction pathway on the ternary catalyst is also dis-
sociative, on the metal surface, as it was found for Cu/ZrO2. Any other
possible rds would imply non-linear increase of the molar fraction of CO
(Models 2–7 −Table S.6), significant rate change with total pressure
(Models 2–6 and 8,9 −Table S.6) and/or an observable kinetic isotope
effect (Models 6–9 −Table S.6).

The former observations and inferences allow a more precise ex-
planation of the selectivity improvement observed in the ternary Ga-Cu-
Zr catalyst, as compared with the binary one: Because the RWGS re-
action −the main responsible of selectivity decrease in methanol
synthesis- occurs mainly on the copper surface (at least under usual
process conditions), and taking into account that the ternary catalyst
exhibited lower metal dispersion, its specific activity (that is, per cat-
alyst mass) in the RWGS reaction was lower than that of Cu/ZrO2, even
though both catalysts showed equal metal surface-normalized reverse
shift rates. Yet, the intrinsic activity of Ga2O3/Cu/ZrO2 toward the
methanol synthesis proper (RCH3OH) was not affected, as the supply rate
of dissociated hydrogen was still higher [19,21] and, therefore, the
catalyst selectivity became improved.

Because “the exact mechanisms, the structural details, and the sta-
bility of the relevant chemistry in real catalysts remain an open ques-
tion for the truly rational design of these types of synergetic catalysts”
[7] we believe that the reaction engineering-based approach hereby
presented, in association with the direct insight provided by spectro-
scopic and theoretical (DFT) analyses, can help to increase substantially
the overall selectivity toward methanol from CO2 hydrogenation.

4. Conclusions

Transient experiments on pre-reduced Cu/ZrO2 and Ga2O3/Cu/ZrO2

employing a Carberry-type microreactor in the batch mode and a H2/
CO2 mixture, at 498 K, showed stoichiometric changes of the surface
structure of these supported catalysts at the onset of the reaction, both
at medium and atmospheric pressure (1.6 and 0.1 MPa), from the
completely reduced state to one for which a build-up of atomic and
molecular (ad)species set in. Said changes were revealed by continuous
MS monitoring. The use of a lower ratio of moles of reactants to catalyst
mass allowed concluding that adsorbed atomic oxygen on copper (but
not a Cu2O phase) was formed at said early stage.

The performance of Cu/ZrO2 and Ga2O3/Cu/ZrO2 in the RWGS was
similar both at 1.6 and 0.1 MPa. Also, after the onset period (reaction
transient during the first minutes) the initial reaction rate using the D2/
CO2 stoichiometric mixture was slightly higher than with H2/CO2.

These observations were rationalized with a reaction mechanism
featuring the dissociative adsorption of H2 and CO2 on the metal sites,
and further reaction of the hydrogen moiety (H-•) and atomic oxygen
(O-•) on said surface, using a simplified LHHW kinetic model. The
dissociative adsorption model explains the direct kinetic isotope effect
observed during the first minutes of reaction (non linear zone of CO
evolution in the gas phase), where the rate determining step (rds) is the
surface reaction between atomic oxygen and hydrogen. In addition, the
dissociative adsorption of CO2 on Cu as rds explains the inverse, ther-
modynamic-caused, isotope effect observed after the onset period and
up to 40 min on stream (linear zone of CO evolution in the gas phase).
The simplified model rightly predicts that the rate of the RWGS reaction
is almost independent of the total pressure.

The present findings and analyses help to unveil the underlying
cause(s) for the enhanced selectivity of the gallia-promoted Cu/ZrO2

catalyst, as compared to the unpromoted one, under typical methanol
synthesis conditions [18].
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Appendix A. Evaluation of the thermodynamic isotope effect in the RWGS [41]

Given the reaction:CO2 + H2 ↔ + H2O + CO (RWGS)

the equilibrium constants for H2 and D2 as reactants can be expressed, in terms of the respective partition functions, as follows:

=K Q Q
Q Q
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H CO
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The ratio between both equilibrium constants is:
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Each partition function ratio can be expressed as:
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where M is molecular weight, I is inertia moment, νi is the ith. fundamental frequency, E0 is zero energy, h is the Planck constant and k is the
Boltzmann constant.

Because the fourth bracket in Eq. (A.4) is the most important one, the ratio between the equilibrium constants can be directly calculated as:
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(A.5)

From the values of each zero energy differences, equal to 1.8 kcal/mol and 3.56 kcal/mol for H2/D2 and H2O/D2O respectively, the obtained
thermodynamic isotope effect at 498 K is KD/KH = 5.92.
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Appendix B. Evaluation of the kinetic isotope effect in the RWGS [41]

Given the reaction:

CO2 + H2 ↔+ H2O + CO (RWGS)

from the absolute reaction rate theory, every reaction rate constant is proportional to the activation equilibrium constant, K#:

=K Q
QR

#
#

(A.6)

in which QR y Q# are the partition functions of the adsorbed reactants and the activated state, respectively. Considering carbon dioxide as the
common reactant in RWGS and (D)RWGS, then:
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From the values of each zero energy differences for the activated states and each of the reactant considered, equal to 1.4 kcal/mol and 1.8 kcal/mol,
respectively, kH/kD = 1.5 at 498 K.

Appendix C. Competitive models for the evaluation of the reaction rate of the RWGS using the Langmuir-Hinshelwood-Hougen-Watson
(LHHW) formalism

(A.8) Dissociative mechanism, on the metal sites (•):

CO2 + 2•↔ CO−• + O−• (DS1)

H2 + 2• ↔ 2H−• (DS2)

H− •+O−•↔ HO−• + • (DS3)

HO− • +H−• ↔ H2O−• + • (DS4)

H2O− •↔ H2O + • (DS5)

CO− •⇄ CO + • (DS6)

Model 1 (as an example): Dissociative adsorption of CO2 (DS1) as rate determining step (rds) and the following reaction steps in thermodynamic
equilibrium:
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Where Ki: equilibrium constant of the ith reaction, pj: partial pressure of the jth reactant/product, and [X]: surface concentration of species X (X:
H − •, O − •, H − •, CO − •, HO− •, and H2O− •).

The balance of the total metal sites is then equal to:
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For the elementary reaction DS1 (step 1) as rds of the RWGS reaction, then:
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Appendix D. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.jcou.2017.06.002.
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