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Abstract

Efficient homologation of bio-ethanol can be performed under mild conditions exploiting a catalytic
system based of a ruthenium molecular catalyst, benzoquinone and a base as a co-catalysts.
Conversions and selectivity can be tuned by changing the head space of the reactor. On this basis,
preliminary design of a full-scale process has been developed based on the experimental results. The
process has been characterized with specific energy and performance indicators per unit of produced

butanol, which have been used as input for the life cycle assessment analysis. The LCA was applied
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as scientific methodology to address potential burdens of the baseline configuration, 3X catalytic
cycles, electricity from Italian grid and heat from natural gas. Hotspots were identified according to
a multi-impact approach method (ReCiPe 2016). The usage of dedicated lignocellulosic biomass as
a source of EtOH, the synthesis of the catalytic system and the energy requirements were addressed
as the major contributors. Thus, further sensitivity scenarios were created. The best configuration was
identified in the use of waste biomasses and in an integrated cogeneration unit. In addition, enabling
the recovery of the catalytic system up to five cycles to scenario shows a reduction in the impacts
higher than 50% for the categories of global warming potential, -41% for the mineral resource scarcity
and around -16% for the fine particulate matter formation. The results were also confirmed by an
uncertainty analysis with the Monte Carlo method, which demonstrated the major environmental

sustainability of the Guerbet route compared to the oxo synthesis from propylene.

1. Introduction

The zero-emission policy for the sales of new vehicles by 2035 supported by the European Parliament
this year underlines the urgency to reduce fossil fuels exploitation and CO2 emissions.!""*! The strategy
furnishes a combination of different approaches depending on the field of application and the Guerbet
reaction constitutes an ideal pathway for ethanol homologation, since Guerbet alcohols are both

3451 and possess excellent lubricant properties (required for example

suitable for biofuel application!
in hydraulic fluids, cosmetic emollients and surfactants).[6!

This reaction would represent a valuable alternative from an ecological transition point of view in
comparison with the established OXO!"! and ABE™® processes to produce butanol. The Guerbet
reaction is nowadays used by Sasol to upgrade Cs-Cis alcohols, yielding longer analogues which are
commercialized as surfactants and solubilizers for paints, inks and coatings, for cosmetic application,

as lubricants and emulsifiers for the textile and metal sectors.””) The semi-continuous technology

patented by the German company is designed to yield high-purity alcohols without expensive and
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wasteful washing and purification steps. It consists of a reactive distillation allowing for an optimal
separation of the product mixture from the alkaline and/or metal-containing catalyst and possible
byproducts.[%

Due to the plurality of reactions involved and to prevent the formation of unwanted side products,
such as ethers, esters, olefins and paraffins!!! in heterogeneous catalysis and acetate salts in
homogeneous systems, ') the conditions employed and, above all, the catalyst properties need to be
finely tuned. These catalytic systems are often suitable due to multifunctionality: 1)
hydrogenation/dehydrogenation ability and ii) the presence of acidic/basic sites or co-catalysts to
promote the aldol condensation step. It is important to underline that, although the reported
mechanism is supported by many studies,!!*!%!15:1] alternative pathways involving direct ethanol self-
condensation or condensation with a molecule of acetaldehyde have also been proposed,!!7:18:1%:20]
thus the exact mechanism is likely to be dependent on the catalyst and the reaction conditions.

When catalyzed by heterogeneous systems, the Guerbet reaction involves adjacent Lewis
acid-basic site pairs acting synergistically to achieve Guerbet reactivity,?!! even though strong basic
sites are fundamental.!]

The drawbacks of the heterogeneously catalysed Guerbet reaction are the requirement of high
temperatures (> 250 °C), and the difficulty to achieve both high conversion and selectivity. To get
round these concerns, homogeneous catalytic systems have been designed and widely studied in the
last two decades starting from the pioneering work with ruthenium phosphine catalysts!??l by Wass et
al. in 2016 who introduced the idea of “Guerbet renewed” as a new perspective: homogeneous
catalysis.[ Several approaches employ iridium, ruthenium and manganese bifunctional catalysts
which require milder reaction conditions with a larger control on yields and selectivity in comparison
to the heterogeneous counterpart. [24-2%26:27.28.291 Rirgt drawbacks for the still most efficient ruthenium
complexes were documented by Wass et al. in 20132 and confirmed by Szymczak!*”) as the inverse

correlation between butanol yield and selectivity. Jones and co-workers were later able to keep a 99%



butanol selectivity up to 37% yield employing a tandem catalytic approach exploiting iridium, copper
or nickel complexes.!! At the same time Milstein group enlarged the homogeneous Guerbet reaction
catalysed by ruthenium catalyst with a tridentate ligand, to the co-valorization of higher alcohols.**
The current interest in this reaction and its drawbacks have also been highlighted by Liauw and co-
workers, who went into details on the reasons for the failure in alcohol homologation of a another
bifunctional ruthenium catalyst.[**] Exploring real matrix derived feedstocks, Wass and co-workers
demonstrated some water tolerance in the transformation of fermentation broths (first-generation
biomass) into iso-butanol.**) In this context, part of our group recently reported a phosphine-free
ionic ruthenium cyclopentadienone complex for the production of second-generation alcohol

mixtures bio-ethanol derived from wine waste.[!]

An impressive boost in conversion and alcohol
yields was obtained by implementing the catalytic system with a benzoquinone as a co-catalyst

(Scheme 1), improving the selectivity toward >Cs alcohols. The new system reaches the most

promising performances in terms of EtOH conversion and alcohols yield reported so far.!!23]

Ru-cat = 0.2 mol %
NaOEt = 20 mol %
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Scheme 1. Guerbet reaction conditions from our previous work.[?]

Although the reaction would well fit in a context of circular economy in the wine production chain,
a step forward to reach applicability is compulsory. In this work, the experimental design of the

process has been deepened with a study on the influence of dead volume ratios.



Based on the available information, the present work provides a perspective of future industrial
applications of the technology, with and insight on its related environmental impacts. This has been
carried out with a preliminary conceptual design of a full-scale process and the evaluation of mass
and energy balance. The calculation of energy and performance indicators resulting from the
aforementioned technology assessment have been the input to a Life Cycle Analysis (LCA). The LCA
has been applied to the full-scale process in order to estimate the potential burdens of the process and
set the basis for future improvements. LCA represents a well-established methodology for assessing
bio-based sector. Several studies were already published to investigate different aspects on the
argument. However, one of the most questionable and challenging issue is the carbon neutrality of
chemicals from biomasses. Thanks to the CO2 sequestration during plants growth, bio-chemicals
impact on climate change is too often considered equal to zero. However, in a recent publication
Zuiderveen and co-workers*®! have demonstrated that none among the emerging bio-based products
investigated (86) reached such neutrality, even if impacts on climate change are in general lower than
the same substances from fossil. Therefore, there is the necessity to investigate the impacts of bio-
products by considering a holistic approach able to go beyond the concept of carbon footprint.B”l A
multi impacts assessment is in fact recommended by literature.[*33*4% For this reason, we applied the

LCA methodology to investigate the Guerbet reaction, partly already study so far,[*!:4?]

2. Materials and methods

2.1 Materials

Diethyl ether (Et20) and tetrahydrofuran (THF) were distilled before use and stored in round flasks
containing pre-dried molecular sieves. Ethanol (EtOH) and other solvents not previously listed were

used without additional purification.



[Ru-cat] was prepared as previously reported.[*> #*! p-benzoquinone [BQ] (Alfa Aesar) was purified
by column chromatography (stationary phase: silica gel, eluent: CH2Cl2).

2.3 General procedure for upgrading of EtOH with co-catalyst

The catalytic runs were carried out in oven-dried Schlenk bombs fitted with a Teflon plug valve
having different internal volumes (7.5-13.4-53.8 mL). The reactor was loaded with the ruthenium
catalyst Ru-cat (0.2 mol%), the base (NaOEt, 20 mol%) and BQ (1.5 mol%). Finally, ethanol was
added under inert atmosphere in different volumes from 0.5 to 1 mL. The Schlenk bomb was sealed
under inert atmosphere and heated at 150 °C, under magnetic stirring for 4 hours. After cooling with
a cold-water bath, the microreactor was opened and then hydrogen was detected by means of an
Agilent Technologies 7890A GC equipped with a thermal conductivity detector (TCD) and a HP-
molesieve column (30m x 0.53 mm x 50 um). Nitrogen was used as carrier gas at a flow rate of 3
mL/min; the injector was maintained in split mode 5:1 at a temperature of 150 °C and the TCD at 150
°C. The volume of gas injected was 0.04 mL and the standard temperature program was a single
isothermal step at 50 °C for 5 minutes. Reaction mixture was diluted 1:9 with Et2O. THF (150 pL)
was added as internal standard. Ethanol conversion and product yields were determined by injecting
the resulting solution (1 uL) into an Agilent Technologies 7890A GC system using a HP-5 capillary
column Agilent 190915-413 (30 m x 0.35 mm, thickness 0.25 um). Helium was used as carrier gas
with a column flow of 0.909mL/min; the injector was kept at a temperature of 230 °C in split mode
(40:1); total flow was 40.25 mL/min. The method used was: starting oven temperature 30°C (hold for
11 min), ramp to 270 at 30°C/min (held for 5 min). All products were calibrated. THF (150 pL) was
added to different solutions of alcohols at increasing concentration and the ratio Aa/As vs mol. was
plotted (mols = constant). This way the measure of the total reaction volume can be avoided.

After a catalytic run in the best conditions (Entry 4, Table 1), the end reaction mixture was completely

dried on vacuum, then dissolved in D20 and analysed by 'THNMR spectroscopy (Figure S7). DMSO



(99.97%, VWR) was added in equimolar amounts to the initial sodium ethoxide (3.42 mmol) and

used as internal standard to quantify the amounts of water-soluble species.

2.4 Engineering assessments

The engineering assessment has consisted in two main steps: (i) evaluation of the outcomes from the
experimental campaign and (ii) preliminary design of a full-scale process. Experimental results
reported in Section 3 have been analysed evaluating atomic balance: missing carbon has been
expressed in terms of carbon loss related to ethanol, while the error in oxygen mass balance has been
corrected tuning the amount of produced water.

Based on the analysis of the data collected during the experimental campaign, the performance of the
catalytic reactor has been extrapolated and expressed in terms of product yields, ethanol conversion
and specific consumption of reagents, catalyst and co-catalyst. Thus, a conceptual design of a process
at industrial scale has been carried out, on which mass and energy balances have been drawn.
Thermodynamic properties have been taken using Aspen Properties® v10.14l Results have been

provided in terms of specific quantities with respect to produced butanol.

2.4 LCA: inventory, database and software

LCA framework and standardization

Life Cycle Assessment (LCA) is among the most preferred descriptive and quantitative modelling
methodologies for overarching estimation of the potential environmental impacts associated with a
product-system (i.e., substance/material, compound, system, service, etc.). According to ISO
standards 14040-14044 (ISO 2006a; I1SO 2006b),*>4¢! the LCA framework consists of four
conceptual phases: 1) goal and scope definition, ii) life cycle inventory (LCI), iii) life cycle impact
assessment (LCIA) and 1v) interpretation. During the first stage, the object of the study is defined by

determining the system boundaries and the functional unit (FU). The former consists of the



identification of the phases of the product life cycle that characterize the analysis (i.e., cradle to grave
or cradle to gate) and which function is described by the FU, a measurable and scalable reference
flow used to normalize the inventories and to run comparisons. In the LCI, the data collection occurs
through dedicated checklists. Primary data are generally collected from experiments and measures;
secondary and tertiary information are also used to fill all the background processes (e.g., electricity
mix). Data quality assessment is also performed to guarantee reliability, completeness, geographical,
technological, and temporal correlation. During the third stage, the impact assessment takes place.
LCIA applies the environmental mechanisms and characterization models to relate the LCI results to
the selected category indicators for a quantitative estimate of the environmental impacts, including
(but not limited to) climate change, water depletion, cumulative energy demand. The robustness of
the models created can be tested through sensitivity simulations and an uncertainty analysis. Finally,
during interpretation the practitioners can evaluate the results obtained and use them to support the
decision making.

System boundaries

In this study, a cradle to gate perspective was applied (Figure S1): from the raw material extraction
and transformation into EtOH (upstream) up to the plant gate (core) for the synthesis of 340.2 kg of
bio-BuOH (FU). The cradle to gate perspective is common for chemical products given the variability
of the downstream processes (i.e., several applications and consequent different end of life scenarios).
As depicted in Figure S1 the model includes all the process needs obtained from the engineering
simulation - production of the NaOEt (auxiliary), electricity, heat and the catalytic system (catalyst +
co-catalyst) - as well as all the co-products recovery (e.g., NaOAc, alcohols mixture and Hz) and the
treatments of waste (e.g., spent catalysts sent to incineration). All the input flows in Figure S1 (white
blocks) takes into account all the upstream flows, i.e., the resources consumption and impacts related
to that specific substance/energy carrier until its usage within the model including transportation up

to the production plant (core). In the case some molecules were not available in the selected database



they were simulated according to the stoichiometric equation. This is the case of NaOEt that was
created using the mass balance deriving from the reaction CH3COOH + NaOH — CH3COONa +
H20. The figure highlights all the output flows from the core, such as the main product (bio-ButOH,
blue dotted), the spent catalytic system (sent to thermal incineration, see sub-heading below) and the
co-products (NaOAc, alcohols mixture and Hz, in light orange). Multifunctionality was treated
considering a consequential approach for these by-products that under our-own control. As detailed
in the Baseline scenario sub-heading, the model takes into account the avoided impacts (dashed green)
from the recovery of NaOAc, alcohols mixture and Hz that could be used/sold directly from the plant
manager. Full LCI is reported in ESI (see Table S1 and Table S2). Ecoinvent database (v.3.9)*"! was
used to fill the background information, by selecting the market scenarios (to include impacts from
average transportation distances) and the allocation at the point of substitution (APOS) unit models.
Geographical boundaries were settled in Italy and RER processes were used, if available. Despite the
fact the consequential (CONS) approach was used for our by-products we decided to adopt the APOS
model to have more conservative results (i.e., potentially higher burdens). In fact, the application of
a CONS approach on the entire supply chains would allow more benefits from potential substitution
of material/energy within the entire supply chain. However, there is no assurance the consequential
approach is really respected along the chain, since we have no direct control on it, we proceed with a
more conservative way.

Catalytic system

The whole catalytic synthesis was simulated from the roots by following the recipe at laboratory
scale. The stoichiometric reactions were adopted to recreate mass balances for each step (balanced

reaction taken from Reaxys®)“!

involved in the production of the final active system
(C3sH33N20sRul). Several stages of simulation were necessary to fill data gap, since no precursors

exist in the database. To our knowledge, this approach is proposed for the first time in literature. In

fact, due to the lack of information on retrosynthesis (corporate knowhow), several LCA studies



which involve the use of catalysts only focus on the metal amount consumed calculated from the
system stoichiometry.[*>%3!] Energy consumption for the production of the catalytic system was
excluded, due to the differences between laboratory and industrial scale. All the steps are reported in
the ESI (Table S3). The baseline scenario assumes that the catalytic system (catalyst + co-catalyst) is
used for three cycles before being sent to the hazardous waste incinerator for treatment (Hazardous
waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration |
APOS, U).

Baseline scenario

The baseline model, Scenario 3X 2° EtOH dedicated biomass (baseline), includes the Italian
electricity mix (Electricity, medium voltage {IT}| market for | APOS, U) and second-generation bio-
EtOH to feed the plant. Wood chips from responsible management sources (i.e., FSC® - The Forest
Stewardship Council®)!**) were used as a primary raw material for the production of the alcohol
(Ethanol, without water, in 95% solution state, from fermentation {CH}| ethanol production from
wood | APOS, U). As stated above, the scenario includes the benefits from the recovery of the by-
products. Hydrogen flow (2.1 kmol) is sent to the boiler with 100% efficiency for the production of
1014 MJ. This way, the system avoids the requested volume of natural gas able to generate the same
energetic amount (28 m?, assuming 37 MJ/m*).[3] The model also integrates the recovery of the
alcoholic mixture (C6:C8:C10), that could be used as a valuable substitute for synthetic lubricant oil
in 1:1 ratio (Lubricating oil {RER}| production | APOS, U), and of trihydrated NaOAc sold in
replacement of the virgin salt (_Sodium acetate {GLO}| sodium acetate production | APOS, U).
Sensitivity analyses

In addition, two further scenarios were created to test the model sensitivity: the Scenario 3X 2° EtOH
waste biomass and the Scenario 5X 2° EtOH waste biomass_COGEN. The former differs from the
baseline only for the usage of waste lignocellulosic biomasses. The latter considers the reuse of the

catalytic system for two more cycles and the co-production of electricity and heat in a cogeneration
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plant within the biorefinery boundaries (Electricity, high voltage {IT}| heat and power co-generation,
wood chips, 6667 kW, state-of-the-art 2014 | APOS, U and Heat, district or industrial, other than
natural gas {IT}| heat and power co-generation, wood chips, 6667 kW, state-of-the-art 2014 | APOS,
U).

Uncertainty analysis

Finally, an uncertainty analysis with the Monte Carlo method was performed. Data pedigree matrix
was used to calculate uncertainty ranges for LCI data concerning reagents, catalyst, energy input,
emissions and waste streams. A lognormal statistical distribution, with a 95% confidence interval and
an iterative calculation number of 1,000 simulations, was applied. Results from the analysis were
used to compare the scores achieved by the three bio-BuOH routes with the traditional oxo synthesis
from oil, i.e., the hydro-formylation of propene (/-butanol {RER}| hydroformylation of propylene |
APOS, U), the most prominent worldwide.[** The reason why we performed the comparison with the
fossil-based route for ButOH is related to the importance of the oxo synthesis, the main pathway
worldwide!™ that replaced the traditional fermentative process ABE (acetone-butanol-ethanol).
Starting from 1950s, ABE process progressively declined and then disappeared in favour of the fossil
pathway.! In fact, the aim of the analysis was to verify the environmental sustainability of the
Guerbet-based bio-ButOH respect to the traditional route, a more consolidated synthesis also thanks
to the usage of abundant and cheaper reagents (propylene, carbon monoxide and hydrogen). Further
comparison with alternative fuels or lubricants were not taken into account since their use may also
depends on the technology adopted and/or the final application/sector.

SimaPro (v.9.5)7 was adopted as simulation software to run the LCIA, by selecting the ReCiPe 2016
method (v.1.08).581 It allows the assessment of 18 impact categories at midpoint level (Global
warming = GWP; Stratospheric ozone depletion = SOD; Ionizing radiation = IR; Ozone formation,
Human health = OZ HH; Fine particulate matter formation = FPM; Ozone formation, Terrestrial

ecosystems = OZ_TE; Terrestrial acidification = TA; Freshwater eutrophication = FWEu; Marine
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eutrophication = Meu; Terrestrial ecotoxicity = TEc; Freshwater ecotoxicity = FEc; Marine
ecotoxicity = MEc; Human carcinogenic toxicity = HCT; Human non-carcinogenic toxicity = HNCT;
Land use = LU; Mineral resource scarcity = MRS; Fossil resource scarcity = FRS; Water consumption
= WC), which represents the problem-oriented results. In addition, the method allows the grouping

into 3 damage-oriented to receptors (endpoint) and, eventually, the weighting into single score.

3. Results and discussion

3.1 The influence of headspace on the Guerbet reaction catalysed by Ru-cat/BQ/NaOEt system.
The experimental study on the Guerbet reaction selected as a benchmark for this study was carried
out by running several catalytic runs while changing the amount of ethanol added and/or the reactor
volume. The results, reported in Table 1, were sorted by the ratio between the volume occupied by

the liquid and the total reactor volume (Viig/Vr).

Table 1. Experimental results regarding the Guerbet reaction performances variation over the headspace. Conditions: Ru-
cat 0.2 mol% , NaOEt 20 mol%, BQ 1.5 mol%, T = 150°C, t = 4h ; *under H, atmosphere.

V lig (ml) Vr (ml) g g Ce-

Conv. BuOH CeCip H; C

Entry V('j‘/gl " EtOH yield yield yield loss i‘:ﬁf}f Rﬁ/‘t"i/ie
(%) (el) % (el)% (%) (%) "
1 0.5 53.8 0.9 760 274(36) 26.1 (34) 244 225 125 107
2 0.5 13.4 37 773 33.8(44) 30.6(40) 167 129 155 8.1
3 0.5 7.5 6.7 713 38.6(54) 272(38) 92 56 177 73
4 1 7.5 133 632 41.0(65) 203(32) 97 19 188 5.5
5 1 7.5 133 521 385(74) 109(21) 93 28 177 45

“under H, atmosphere (1 bar), ® hydrogen yield has been obtained as measuredH, - initialH,
The product distribution also depicted in Figure 1 shows that by increasing the volume occupation of
the liquid in the vessel a sensitive improving on the reaction efficiency is observed. Indeed, although

the conversion slightly decreases, alcohol yields and selectivity are improved, and the carbon loss
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almost disappears at 13.3% occupation (entry 4). Furthermore, the reduced headspace volume
promotes the selectivity toward butanol up to 65% under the best conditions (entry 4). On the other
hand, lowering the volume occupation still in the presence of a low carbon loss (entry 4 occupation,
13.3% vs. entry 3, 6.7%) increases the selectivity in higher alcohols (Cs-Cio). The productivity is also
reported as grams of product obtained per gram of ruthenium used for a single catalytic run (Table 1,
last column). By decreasing the headspace, the productivity towards butanol increases while that for

higher alcohols decreases, following the same trend reported for the selectivity.
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Figure 1. Effect of the headspace variation on the reaction performances. Conditions: Ru-cat 0.2
mol% , NaOEt 20 mol%, BQ 1.5 mol%, T = 150°C, t = 4h.

The data reported in Table 1 are summarized in Figure 1, showing that selectivity can be finely tuned
by varying the reactor sizing.

An interesting effect of the volume occupation was also observed for the production of hydrogen, a
side reaction,!'”) monitored via GC-TCD analysis of the reactor headspace as reported in Table 1.
Indeed, Hz yields in Table 1 suggest that its side-production is discouraged when the headspace in
the vessel is decreased, also positively affecting the carbon loss. Unless for the lower liquid
occupation (entry 1) where hydrogen production is in line with the carbon loss, a difference in some

points excess of Hz yield vs. carbon loss can be observed while lowering the headspace (entry 2-4).
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This unusual behaviour is in line with what previously observed,'?! and can be explained taking into
consideration some hydrogen that could come from the co-catalyst NaOEt in the presence of water
from condensation. This can be accounted separately by the ethanol carbon balance, in a parasite
reaction that consumes the base co-catalyst, namely NaOEt + H2O that leads to NaOAc + 2H> as
reported by Beller and co-workers for ruthenium pincer catalysts exploited for Hz production from
EtOH in water under basic (OH") conditions."’!

In order to complete the balance of the two principal reactions involved in the system, it is also
important to recall that the primary side reaction that affects the homogeneous Guerbet process is the
Cannizzaro reaction, which turns off the reaction by quantitatively convert the co-catalytic base
NaOEt (20 mol%) in acetates as previously stated.[?3- 3% 12!

Operating at the best conditions (Entry 4, Table 1), the water-soluble fraction was collected and
analysed through 'H-NMR spectroscopy using DMSO as internal standard. The spectrum (Figure S7)
shows the presence of sodium acetate while only traces of sodium butanoate were found. Sodium
acetate was quantified in 3,42 mmol, corresponding to the amount of NaOEt employed as co-catalyst,
confirming that the reaction is switched off by the quantitative transformation of sodium ethoxide
into sodium acetate by means of the Cannizzaro reaction.

Since all the NaOEt is side transformed in sodium acetate, this can be considered apart from the
ethanol carbon balance. Thus C-loss reported in Table 1, only refers to the transformation of ethanol.
Since no intermediates are found in the GC solution analyses, the C-loss is attributable to heavy
insoluble compounds, which, as previously reported for the liquid phase Guerbet reaction, arise from
the polymerization of acetaldehyde to insoluble polymers or from further homologation of alcohol
toward insoluble polymers as well..[**]

Interestingly, performing the reaction under H> atmosphere (under the best conditions, 13.3% of

volume occupation, entry 4) an higher selectivity in butanol can be obtained (75%) (entry 5, Tablel).
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Although the conversion is lower and the hydrogen production seems to be slightly affected by the
initial hydrogen, the overall productivity of the reaction on butanol yield is similar.

Overall, the positive effect of an increased volume occupation benefits the selectivity of the process
toward the production of butanol, reducing the side production of hydrogen and other species that fall
within the C-loss. Driven by these experimental results, an engineering assessment on a possible

industrial design of the process and a subsequent LCA analysis are reported in this work.

3.2 Engineering assessment

The evaluation of the experimental results reported in Table 1 and Figure 1 Errore. L'origine
riferimento non é stata trovata. shows higher ethanol conversions and butanol yields together with
a decrease in carbon losses when increasing volume occupation. Taking into account the limited dead
volume in industrial reactors, this trend has been extrapolated up to 16% volume occupation,
identifying the specific indicators reported in Table 2 and assumed as a basis for the preliminary
design of the full-scale reactor. The assumption on the performance of the full-scale reactor with
respect to the volume occupation is close to the experimental results recorded at the maximum
investigated volume occupation, equal to 13.3%.

Table 2: Assumptions on the performance of the full-scale catalytic reactor based on extrapolation of
experimental results.

Species Yield Specific Consumption Conversion

[%] [mol/molEtOH;y] [%]

EtOH (C2) - 60.0

Catalyst (Ru-cat) - 0.002

p-Benzoquinone (co-catalyst) - 0.015

NaOEt (base) - 0.208

Butanol (BuOH) 42.3

Hexanol (C6) 12.0

Octanol (C8) 5.8

Decanol (C10) 1.9

The mass balance of the full-scale reactor with reference to a processed amount of 1000 kg of ethanol

is reported in Table 3 and it is affected by an absolute deviation in the order of 0.2%w.
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Table 3: Mass balance of the full-scale reactor.

Species Formula MW Reactor Inlet Reactor Outlet
[kg/kmol] [kg] [kg]
EtOH C:HsO 46.07 1000.0 400.0
Catalyst (Ru-cat) - 826.00 359 359
p-Benzoquinone (co-catalyst) CeH402 108.10 35.2 35.2
NaOEt (base) C,HsONa 68.05 307.7 0.0
BuOH C4H100 74.12 340.2
C6 CsH140 102.16 88.4
C8 CsHi50 130.23 40.7
C10 CioH20 158.28 13.1
Hydrogen H, 2.02 4.2
Carbon losses (EtOH) C,HsO 46.07 0.0
NaOAc (by-product) C,H3NaO; 82.03 371.0
Water H,O 18.00 47.7

In order to evaluate mass and energy balance characteristic of the novel butanol production process,
a conceptual design of a full-scale facility has been conceived and represented in Figure 2. The
process operates in a semi-batch mode and it is divided into three main sections: (i) reaction unit
(reactor R-01 and related accumulation tank TK-01); (i1) post treatment unit (vessel V-01, filter F-01
and associated tank TK-02); (ii1) fractionation section (evaporators E-01, E-02 and the two distillation
columns C-01 and C-02). The fed ethanol, catalyst, co-catalyst and the base enter the reaction unit
where chemical reaction occurs. R-01 is a batch stirred reactor operating at 150°C for 4h and it is
associated to a blanketing system avoiding contact between the catalyst and the atmosphere. The
products accumulated in TK-01 are conveyed towards the post-treatment unit where temperature is
lowered down to 25°C to allow precipitation of Sodium Acetate within V-01, still operating in batch
mode. Catalyst washing also occurs within vessel V-01 with a dedicated stream of ethanol. After
washing, unloaded products from V-01 enter a filter where sodium acetate is separated from the rest
of the mixture still containing the catalyst, which is highly soluble in ethanol. Moreover, products are
recirculated within vessel V-01 to assure proper washing operations. After adequate recirculation and
NaOAc recovery, products are processed in the continuous fractionation section. Coupling of the

upstream discontinuous process and the continuous fractionation unit is possible due to vessel TK-02
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being operated as buffer. Within the fractionation section, evaporator E-01 and column C-01 operated
at atmospheric pressure have the purpose of separating hydrogen and ethanol from the catalyst and
heavier products. E-02 and C-02 operate under vacuum, limiting the maximum temperature to avoid
catalyst degradation. E-02 has the purpose of recovering the catalyst as tail product. C-02 has the
purpose of separating product-grade butanol from heavier alcohols. Recovered ethanol is fully reused

within the process, representing 40% of the reactor input, thus limiting ethanol consumption.
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Figure 2: Conceptual design of the novel catalytic butanol production process.
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Table 4 reports specific energy consumption and performance indicators with reference to 1kg of
produced butanol. Most of the energy consumption is due to the heat duty required from reboilers and
condensers used in the fractionation unit. Electric consumption for heat rejection and other auxiliaries

has been estimated as 10% of the hot heat duty.

Table 4: Main mass and energy balances of the novel full-scale process, expressed per kgBuOH.

Specific Figures Value Unit
Catalyst 0.11 kg/kgBuOH
Co-catalyst 0.10 kg/kgBuOH
NaOEt consumption 0.90 kg/kgBuOH
EtOH consumption 1.76 kg/kgBuOH
AIOH production 0.42 kg/kgBuOH
NaOAc production 1.09 kg/kgBuOH
Electricity consumption 1.41 MlJa/kgBuOH
Heat consumption 12.15 MJw/kgBuOH
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3.2 LCA: impact assessment results, sensitivity and uncertainty analysis

Figure 1 and Table S4 collect results at midpoint level for the baseline pathway (Scenario 3X
dedicated biomass), obtained from the analysis of the model created using indicators from Table 4
together with all the background information for the synthesis of the catalytic system, the energy
requirements and the production of chemicals. Red-shade bars (above the zero) represent the potential
burdens; on the contrary, the green ones show all the benefits derived from the material and energy
recovery processes. As depicted, the chemicals input to the system (EtOH and NaOEt) produce the
greater contribution among the entire set of categories, ranging from 20% to 98%. In the case of the
alcohol, the use of dedicated sources deriving from sustainable management (Wood chips, wet,
measured as dry mass { CH}| market for | APOS, U) has impacts far from being considered negligible,
in particular for the categories LU (98% contribution), HCT (47%), FRS (36%), GWP (29%), Meu
(20%) and FPM (18%). On the other hand, the NaOEt production chain affects the impact categories
mostly due to the production processes of EtOH (12-67%) and NaOH (18-55%). A contribution
analysis of the NaOEt supply chain is depicted in Figure S2.

Energy requirements (electricity from the grid and heat from natural gas) affect mostly GWP (17%)
and FRS (17%), both considered combustion-related categories, as well as FWEu (19%). The latter
due to the usage of hard coal in thermoelectric plant (50% contribution).

The results obtained for the metal catalytic system reflect the highest contribution for the MRS (79%).
At the same time, it also has non-negligible influence on other categories besides that mentioned
above, often considered the most consolidated for the metal catalytic systems. Among these, HCT
(41%), Fec (16%) and FWEu (17%) are those mostly affected. The reason is explained in Figure S3,
where a substance contribution analysis reveals that the supply chain of the Ruthenium dimer
compound generates higher impacts for the Fec and HCT; on the contrary the 1,3-dimethylimidazolim

iodide (imidazolium salt) contributes mostly the FWEu. A further contribution in Figure S4 has
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revealed that the burdens of the catalyst (Ru) and co-catalyst (p-benzoquinone) are balanced among
the entire set of categories considered. The former predominates in FWEu, Meu, Fec, HCT and MRS;
the latter mostly on TEC.

Since the main contributors to the overall impacts are found to be the chemicals input to the model,
the energy requirements and the catalytic system production, a sensitivity analysis was carried. In the
first case, the employment of waste lignocellulosic biomass was assumed in replacement of wood
chips from FSC® (Scenario 3X waste biomass). Results at midpoint level, collected in Figure S5 and
Table S5, are quite similar to the scores of the baseline except for the LU category, for which a
stronger difference was denoted. In fact, the process for the waste lignocellulosic biomass differs
from the former just in terms of soil occupation, since no fertilizers are used for the forest growth. An
impressive reduction of -1.12E+03 m?a crop eq./FU was found. This finding confirms the importance
of including LU category when the bio-based sector is under study, as recently reported in
literature.!®”! The further sensitivity analysis (Scenario 5X waste biomass COGEN) takes the benefits
of'using the catalytic system for 5 cycles together with those deriving from the usage of a cogeneration
plant for the coproduction of heat and electricity. Results are reported in Table S6 and Figure 2. The
graph shows how the contribution of the fossil fuels used in energy on the GWP and FRS categories
is almost gone due to the use of renewable biomasses, despite the contribution of the heat generation
on PMF, HCT and HNCT increased drastically as a consequence of the airborne emissions deriving
from the combustion. A similar trend is observed for the LU, due to the usage of wood chips from
dedicated sources (Wood chips, wet, measured as dry mass { Europe without Switzerland}| market for
| APOS, U). The sensitivity also reflects the importance of enhancing the catalyst recyclability to raise
the environmental sustainability of the entire reaction. Moving from 3 up to 5 cycles considerably
decreases the contribution on the selected categories. For this reason, a further comparison was
performed to counterpose the impacts of the three bio-based scenarios described. Five impact

categories were selected (GWP, PMF, LU, MRS and FRS) since the most predominant after
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weighting at endpoint level (damage-oriented). Results in Figure S6 classify the Scenario 5X waste
biomass COGEN as the most favourable for three categories out of four. Compared to the baseline,
the reduction achieved is higher than 50% in the case of GWP, -41% for the MRS and around -16%
for the FMP. On the contrary, benefits derived from energy and material recoveries on FRS are nine
times greater thanks to a lower exploitation of the fossil resources due to the cogeneration plant. The
Scenario 3X waste biomass results in having lower repercussions in terms of LU, given the usage of
non-dedicated timber for the EtOH production and energy generation.

Finally, in order to verify the model robustness, a Monte Carlo analysis was performed by comparing
the three bio-based pathways with the traditional route based on propylene hydroformylation. The
latter was simulated with the ecoinvent default process [-butanol {RER}| hydroformylation of
propylene | APOS, U. The comparison was repeated for 1,000 runs after having estimated the range
of uncertainty with the pedigree matrix. Results, reported in Figure 3, classify the Guerbet process as
a more competitive alternative to the fossil-based for three categories out of five (GWP, PMF and
FRS). The lower material and energy demand, as well as the integrated system of the biorefinery,
seems to reward the bio-based routes, even if wood chips from dedicated timber are used and the
catalyst is not recycled for more than three cycles. Scores on LU achieve comparable values only in
the case of a null usage of the cogeneration technology (i.e., Scenario 3X waste biomass). Finally, the
results on MRS are not easy to commensurate since the fossil-based process seems to not include any
metal consumption for the catalyst generally used in the oxo synthesis.l!] A detailed analysis reveals
how the main contributor is, in fact, the infrastructure. Nonetheless, less than 7.5 catalytic cycles are

necessary to reach the same score for the MRS category, which is far from technically unfeasible.
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Figure 1 LCIA Scenario 3X dedicated biomass (baseline) at midpoint H, using ReCiPe 2016 method (v.1.08).

Legend for the impact categories reported in the next caption.

m Nafural gas extracted (avoided) | Lubrificant mixtures production (avoided)
B NaOAc trihydrated production (avoided) m Incineration of the spent catalytic system
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Figure 2 LCIA Scenario 5X waste biomass COGEN at midpoint H, using ReCiPe 2016 method (v.1.08). FEc
= Freshwater ecotoxicity; ~ FPM = Fine particulate matter formation; FRS = Fossil resource scarcity; FWEu
= Freshwater eutrophication; GWP = Global warming potential; HCT = Human carcinogenic toxicity; HNCT
= Human non-carcinogenic toxicity; IR = lonizing radiation; LU = Land use; MEc = Marine ecotoxicity; Meu
= Marine eutrophication; MRS = Mineral resource scarcity; OZ HH = Ozone formation, Human health;
OZ_TE = Ozone formation, Terrestrial ecosystems; SOD = Stratospheric ozone depletion; TA = Terrestrial

acidification; TEc = Terrestrial ecotoxicity; WC = Water consumption.
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Figure 3 Uncertainty analysis of the scenarios at midpoint H/A using ReCiPe 2016 method (v.1.08). Monte

Carlo simulation (1,000 runs). D BuOH from propylene (fossil), & Scenario 3X (baseline), & Scenario 3X
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4. Conclusions

The homogeneous triad Ru-cat/BQ/NaOEt performs better when decreasing the headspace of the
reactor. The positive effect of an increased volume occupation benefits the selectivity in butanol
which arose from 36% at Viig/Vr = 0.9% to 65% at Viig/V: = 13.3%. It also reduce the side products
both in the gas phase (hydrogen yield concurrently decrease from 24.4% to 9.2%) and in heavy
species (C-loss is indeed halved). The catalytic system at the lab scale is thus sensitively improved
by reducing the head space and these can be assumed as the best conditions for the Ru-
cat/BQ/NaOEt system for the Guerbet reaction. Driven by these experimental results, a conceptual
design of the process has been carried out. Even if only preliminary, the engineering evaluations may
be deemed representative of the novel process at industrial scale. The catalytic process requires a
basic environment (i.e., consumption of 0.90 kgNaOEt/kgBuOH) to produce butanol and 0.42
kg AlOH/kgBuOH of higher alcohols, with an electric and thermal consumption of 1.41 MJe/kgBuOH
and 12.15 MJuw/kgBuOH respectively. The results from engineering simulation have been also used
to carry out a LCA analysis of the entire system considering the production of 340.2 kg of BuOH as
FU. Several configurations were studied to verify the contribution of the catalyst recycling (from 3
up to 5 cycles) and of different energy sources (traditional electricity mix vs cogeneration from wood
chips). The life cycle study was used as a screening methodology for addressing the environmental
sustainability of the innovation proposed at an early design stage. Its application in R&D to support
ecodesign strategies represents one the key factors in the chemical sector to guide upscaling. In this
study we verified the competitiveness of the Guerbet route compared to the traditional fossil-based
pathways, laying the groundwork for a future industrialization. Nonetheless, the study is affected by
some limitations, such as the absence of upscaled energetic data for the catalytic system assembly.
Therefore, given the fact we have identified the non-negligible contribution of the catalytic system
on the whole impact, further studies will be focused to increase the knowledge and return a more

comprehensive review on such aspect.
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Abbreviations

BuOH Butanol

AIOH Higher alcohols

ESI Electronic supporting information
EtOH Ethanol

NaOEt  Sodium ethoxyde

NaOAc Sodium acetate

Cn alcohol containing n carbon atoms
Conv. Conversion

C-loss Carbon loss

BQ p-benzoquinone

FEc Freshwater ecotoxicity

FPM Fine particulate matter formation
FRS Fossil resource scarcity

FU Functional unit

FWEu  Freshwater eutrophication

GWP Global warming potential

HCT Human carcinogenic toxicity
HNCT  Human non-carcinogenic toxicity

IR Ionizing radiation
ISO International Organisation for Standardisation
LCA Life cycle assessment
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LCI Life Cycle Inventory

LCIA life cycle impact assessment
LU Land use

MEc Marine ecotoxicity

Meu Marine eutrophication

MRS Mineral resource scarcity

MW Molecular weight

NaOAc  Sodium acetate

OZ HH Ozone formation, Human health

OZ TE Ozone formation, Terrestrial ecosystems

SOD Stratospheric ozone depletion
TA Terrestrial acidification

TEc Terrestrial ecotoxicity

WwC Water consumption
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