1. Introduction

Assessment of the environmental sustainability of
solvent-less fatty acid ketonization to bio-based
ketones for wax emulsion applications
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The environmental and economic challenges currently faced by the wax market may be addressed by the
use of sustainable bio-based alternatives. Hereto, ketonization of vegetable oils and animal fats is a poten-
tial clean reaction route towards ketone bio-waxes. In the presence of a heterogeneous TiO, catalyst,
palm fatty acid distillate (PFAD) and other commercial feedstock are selectively coupled to bio-waxes in a
solvent-less liquid phase ketonization process. The resulting ketone bio-waxes show similar, if not better
water repellence properties than the current benchmark paraffin waxes when tested as hydrophobization
agents in aqueous wax emulsions for wood composite materials. Despite the efficient utilization of
biomass carbon in accord with the prescribed Green Chemistry principles in the catalytic ketonization
reaction, sustainable end products are not always guaranteed. Depending on the substrate and system
scenario, the comparative life cycle assessment (LCA) shows significantly lower or higher carbon foot-
prints in comparison to fossil paraffin. Cultivation of biomass feedstock, catalyst production and the end-
of-life phase are identified as the three major hotspots in the life cycle, while the gate-to-gate impact of
the proposed ketonization process design itself is rather limited. Advice is formulated to considerably
improve LCA of ketone bio-waxes, achieving sustainable waxy products with appreciably lower CO, foot-
prints than the fossil paraffin waxes.

emulsions, rubbers, phase change materials, lubricants, etc.
The market of these long-chain alkanes (mainly C,, to Cyo

Current global challenges, related to our fossil-based economy,
require efficient, renewable and sustainable bio-based pro-
cesses, energy sources and chemicals to mitigate the harmful
impact on climate, environment, and socio-economic and geo-
political stability."”* Paraffin waxes are an archetypal example
of petrochemicals which are currently used in a wide variety of
applications such as candles, packaging, coatings, cosmetics,
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range), derived from solvent dewaxing processing during lubri-
cant base oil synthesis in the petroleum refinery, is encounter-
ing environmental and economic challenges.** Despite the
consumer demand increase, wax production has decreased
due to refinery plant shutdowns and increased interest for
(hydro)cracking and hydro-isomerization towards fuels and
lubricant base oils, resulting in short term price increases and
potential future scarcity.® Alternative synthetic wax techno-
logies exist, such as Fischer-Tropsch (FT) waxes from syngas
and polyalphaolefines (PAO) from alkene monomers. However,
they suffer from several drawbacks such as poor product
selectivity, use of harmful catalysts, feedstock that are mainly
derived from coal, natural gas and petroleum, and final pro-
ducts that are not price-competitive with the current waxes.” *°
Even though biological animal (beeswax, lanolin, tallow, etc.)
and vegetable waxes (candelilla, carnauba, jojoba, etc.) are
used in many applications today, their restricted availability
limits their potential to replace a substantial part of the
current global wax market. This potential scarcity and expen-
siveness of waxes on the one hand, and the need for more sus-



tainable and renewable bio-based chemicals on the other are
strong incentives to seek for alternative competitive techno-
logies and feedstocks.

We and others have recently reviewed the ketonization of
carboxylic acids,""'> a potential clean biomass valorisation
step as it does not require any solvents, additives or other toxic
or harmful components. This C-C coupling, its roots originat-
ing from commercial production of acetone in the 19™
century,”® transforms two carboxylic acid molecules into an
internal ketone, water and carbon dioxide, according to the
general reaction equation (eqn (1)):

RCOOH + R'COOH — RCOR’ + H,0 + CO,. (1)

Recent ketonization studies have focussed largely on the
gas-phase coupling of lignocellulose derived carboxylic acids,
present in pyrolysis bio-oil, producing moderate length C;-C,
ketones from C,-C, acids.">'*"® These compounds are mainly
proposed as precursors for bio-based fuels, requiring consecu-
tive hydrodeoxygenation steps.'”'® Given the sheer volume of
liquid hydrocarbon fuels produced and consumed currently, it
would require an unrealistic shift in the use of (lignocellulose)
biomass to replace them.'® Surprisingly, vegetable oils and
animal fats, predominantly containing long-chain C;, to Cyg
fatty acids in their triglyceride biomass, have received far less
attention as feedstock for ketonization. In our opinion, their
large scale availability, limited chemical functionality and
specific carbon chain length should make them suitable sub-
strates for the envisioned C-C coupling. Following this route,
renewable waxes can be produced without utilization of
solvent. These ketones with 23 to 35 carbon atoms can poten-
tially replace classic paraffin waxes in certain applications. In
this context, the use of (non-food) oleochemical biomass waste
streams or by-products, which are currently not valorised and
destined for landfill or incineration, are particularly interest-
ing to reduce the overall carbon footprint of the wax
market.>?!

A limited amount of relevant fatty acid ketonization work
has been published. For instance, high lauric acid conversion
(96%) and C,; ketone selectivity (98%) were achieved in a gas-
phase fixed bed process over MgO catalyst at 400 °C.>*> More
recently, the impact of the degree of substrate unsaturation
was studied using Cj fatty acids (stearic, oleic and linoleic) in
a fixed bed gas-phase reactor at 380 °C and atmospheric
pressure using a TiO, catalyst.>> While no significant differ-
ences in overall conversion rate were observed, it was shown
that the ketonization selectivity to C;5 ketones decreased from
89 to 75% with increasing unsaturation at full conversion. Side
products mainly included C,4 olefins and C;9 methyl ketones,
as well as smaller amounts of hydrocarbons (<C;5) and C,, to
C;o ketones as a result of decomposition pathways via initial
McLafferty rearrangements of the fatty ketones. Using palm oil
fatty acids, the ketone yield dropped further from 75 to 50%
after 40 hours on stream. To mitigate this performance loss, a
“hydrogenative hydrolysis” step was added, combining hydro-
genation and hydrolysis of the unsaturated triglycerides before

ketonization using a 5% Pt/C catalyst under 15 bar hydrogen
pressure. The pre-saturated fatty acid mixture yielded a 91%
total ketone mixture with higher selectivity and time-on-stream
stability. In another study, refined seed oil of Cuphea sp. was
used in the cross-ketonization reaction with acetic acid to
2-undecanone on a FeysCeq,Aly 50, catalyst at 400 °C.>* In
this case, ketonization and transesterification between both
substrates resulted in water formation and by extent (inter-
mediate) free fatty acids could be generated from the in situ
hydrolysis of the triglyceride. Post-reaction characterization of
the spent catalyst revealed that the glycerol by-product was lost
via cracking side reactions under the ketonization conditions.
Similarly, glycerol degradation was found as the main source
for the presence of CO, CO,, acrolein and light hydrocarbons
during the ketonization of palm oil in a batch reactor at
420 °C.* Full palm oil conversion was reached after two hours
with a MgO-Al,O; catalyst, resulting in 18, 22 and 55% yield of
gaseous products, liquid hydrocarbons and ketones, respect-
ively. The impact of specific substrate type (e.g., sunflower oil,
methyl stearate and oleic acid) was also investigated by isoto-
pic labelling experiments during ZrO, catalysed ketonization.>®
Multiple side reactions such as cracking, Diels-Alder coupling,
deoxygenation and aromatization were identified. Analysis of
the "*C isotope distribution in the gaseous effluent products
suggested the occurrence of free radical mechanisms, with gly-
cerol splitting into methanol and C, fragments under the keto-
nization conditions as an important initiator when directly
using triglyceride substrates. In addition, C-C bond scission of
the ketones can lead to radical chain reactions of the formed
alkyl chains to form other numerous pyrolysis products.

A number of patent applications have recently been pub-
lished on fatty acid/triglyceride ketonization using (mixed)
metal oxide catalysts.>’>* These ketonization processes are fol-
lowed by commercially available hydrodeoxygenation and
hydro-isomerisation steps to produce isomerised lubricant
base oils. Besides reduction of CO, emissions, superior
product properties such as absence of sulphur, nitrogen and
aromatic compounds are mentioned to differentiate them
from the current petroleum derived products. While paraffin is
the desired end-product, alternative molecules have been syn-
thesized from the fatty ketone intermediates in search of new
applications. For instance, hydrogenation of coconut based
fatty ketones to secondary fatty alcohols has been reported.**
In a consecutive step these alcohols can be dehydrated to
internal olefin intermediates, which are ultimately sulfonated
to long internal olefin sulfonates, which are useful in the sur-
factant industry.>®

Departing from the reasoning that their feedstock has
sequestrated CO, during plant growth, bio-based products
seem to have great potential as sustainable alternatives
because they stock carbon during their use phase and reemit
the same amount at their end-of-life phase. For this carbon
cycle, it is common to assume that the intrinsic character of
bio-based products is far more carbon neutral than that of
their fossil counterparts. As a result, plant-based products may
often benefit from a green and environmentally friendly repu-



tation. However, a critical attitude is at place here as this argu-
ment of carbon neutrality is widely debated.>’° Looking at
sustainability from a holistic perspective, the cultivation of
biomass to drive a bio-based economy exposes a number of
potential challenges such as land use change (emissions), bio-
diversity loss, soil degradation, competition for food, econ-
omic viability, etc. In this context, a life cycle assessment (LCA)
was recently published encompassing 6 different process scen-
arios for lignocellulose pyrolysis bio-oil upgrading to liquid
hydrocarbon fuels.*” For the ketonization step, an electricity
cost of 0.25 kW h kg™" of light oxygenates was calculated using
5 wt% Ru/TiO,/C catalyst, assuming 46% ketone yield at
400 °C based on previous experimental work by Pham et al.*'
For both scenarios involving a ketonization reaction, it was
shown that the global warming potential (GWP) attributed to
ketonization and/or esterification was the lowest. While very
limited information can be extracted from the above work for
ketonization, no detailed process design and environmental
sustainability analysis was performed on the C-C coupling
reaction separately.

As shown in this introduction, important advances have
been made in the understanding of catalytic ketonization of
carboxylic acids,">'*'>*?> but many prominent questions and
challenges remain unanswered in order for this technology to
really compete with and substitute a part of the current pet-
roleum derived waxes. To the best of our knowledge, no LCA
study has been performed on the on-purpose ketonization of
carboxylic acids specifically, and especially not regarding the
use of fatty acids in the liquid phase. This may be attributed to
the lack of information about the techno-economic aspects of
a reliable, integrated process design, despite its importance
for development and evaluation of application potential.
Related to the latter, characterization of the physicochemical
properties of the final ketone products and application testing
in current wax applications are important subjects that have
not received adequate attention yet. In fact, if these molecules
can be used as end products in existing and future appli-
cations, any further downstream processing technologies such
as hydrodeoxygenation can be omitted. In this case, both the
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economic and environmental cost will be lower and will thus
result in stronger cases for the ketonization processes in future
biorefineries. To address these outlined information gaps sur-
rounding fatty acid ketonization for bio-wax production, the
major objectives of this study are threefold. First, industrially
relevant ketonization conditions will be determined based on
lab scale experimental screening work using a commercial
fatty acid feedstock (palm fatty acid distillate — PFAD) and
commercially available TiO, catalysts in a liquid phase solvent-
free reaction. This will allow the design of a large scale indus-
trial process design with full mass and energy balances.
Secondly, the bio-wax products will be characterized exten-
sively, and their application potential will be tested in typical
wax emulsions for use in hydrophobic coatings (Fig. 1).
Finally, the results of the first two objectives will result in a
Green Chemistry and comparative LCA analysis to evaluate the
environmental sustainability of the bio-based ketones in com-
parison to classic paraffin wax for various impact categories,
identifying important CO, footprint hurdles.

2. Experimental

2.1. Chemicals & materials

2.1.1. Substrates. Lauric acid (98%) and myristic acid
(98%) were purchased from Sigma Aldrich. Palmitic acid (98%)
and stearic acid (97%) were purchased from Acros Organics.
Oleic acid (90% tech.) was purchased from Fisher Scientific.
Commercial palm fatty acid distillate (PFAD) was provided by
Cargill (Agri-pure AP-135). Sonac animal fatty acids were pro-
vided by Sonac. Distilled topped coconut fatty acids were pro-
vided by Wilmar (Wilfarin DC-1288). Topped palm kernel fatty
acids were provided by KLK Oleo (Palmera B1220).

2.1.2. Products. Laurone (12-tricosanone, 95%), myristone
(14-heptacosanone, 95%), palmitone (16-hentriacontanone,
95%) and stearone (18-pentatriacontanone, 95%) were pur-
chased from TCI Europe. Hydrogenated Cjq fatty acid dimer
mixture was provided by Oleon. Fully refined paraffin wax was
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Fig. 1 Ketonization of palm fatty acid distillate (PFAD) with a TiO, heterogeneous catalyst as a valorisation strategy to produce bio-based ketones

for wax applications such as hydrophobization.



provided by Sasol. Dotriacontane (97%) was purchased from
Sigma Aldrich.

2.1.3. Catalysts. Commercial TiO, catalysts were provided
by Kronos (KRONOKat 7500) and Venator (Hombikat M211).
The commercial PRICAT Ni 52/35 hydrogenation catalyst (50%
Ni on Kieselguhr support, 3 mm pellets) was purchased from
Johnson Matthey.

2.1.4. Others. Eicosane (99%) and chloroform (HPLC
grade) were purchased from Acros Organics. N-Methyl-N-(tri-
methylsilyl )trifluoroacetamide (MSTFA, 98.5%) and tetrahydro-
furan (99%) were purchased from Sigma Aldrich.

2.2. Characterization

2.2.1. X-ray diffraction. PXRD analysis of the catalyst was
carried out on a high-throughput STOE Stadi P Combi diffract-
ometer with an image plate position sensitive detector
(IP-PSD) for 20 = 5-60° and a scan of maximum 1200 s. The
measurements were performed in transmission mode using
CuKol radiation (1 = 1.54056 A) selected by a Ge (111)
monochromator.

2.2.2. Scanning electron microscopy. First, the catalyst
sample was coated with a gold layer using a JEOL JSC-1300
sputter instrument. Afterwards, images were taken with a JEOL
JSM-6010 JV microscope while applying an accelerating voltage
of 10 kv.

2.2.3. Nitrogen physisorption. The measurements were
carried out with a Micromeritics Tristar II 3020 instrument at

—196 °C. First, catalyst samples (50-100 mg) were degassed for
5 hours in a continuous nitrogen flow at 300 °C before
measurement. The surface area was determined according to
BET theory.

2.2.4. Temperature-programmed desorption. NH;-TPD
measurements were carried out in a custom flow setup with a
Pfeiffer Omnistar quadrupole mass spectrometer to analyse
the composition of desorbed gasses (signal m/z = 16 was used
for NH;). First 100 mg of catalyst sample was pre-treated in He
flow at 400 °C for 1 hour with a heating rate of 5 °C min™"
starting from room temperature. Next, the sample was cooled
off and adsorption of ammonia was conducted at 150 °C for
30 minutes after which the sample was flushed with He for an
additional 30 minutes. Finally, the sample was heated to
800 °C with a rate of 10 °C min~" in helium during the desorp-
tion measurements. For CO,-TPD measurements, the same
setup was used with detection of the CO, signal by MS (m/z =
44). While the initial pre-treatment was the same as the
ammonia measurements, the adsorption temperature was
lowered to 50 ©°C. All other steps remained unchanged.
Deconvolution of data was performed with OriginPro software.

2.2.5. Pyridine FT-IR spectroscopy. After preparation of
self-supporting wafers, the catalysts were pre-treated at 400 °C
and 1 mbar vacuum for 1 h. To determine Lewis (L) and
Bronsted (B) acid sites, the samples were saturated with pyri-
dine (25 mbar) at 50 °C. The samples were degassed at 150,
250 and 350 °C before collecting data at 150 °C. The analysis
was carried out on a Nicolet 6700 spectrometer with DTGS
detector (256 scans per spectrum, 2 cm™ ' resolution). An

extinction coefficients value of 1.63 cm pmol™" was used for
Lewis acid sites.*

2.2.6. Thermogravimetric analysis. To determine the
amount of water and organic coke formation via (relative)
weight loss, TGA analysis of fresh and spent ketonization cata-
lyst was performed on a TA Instruments TGA Q500 machine.
Starting at room temperature, the catalyst sample (10 mg) was
heated to 700 °C under O, flow with a heating rate of 5 °C
min~" starting from room temperature. To investigate the
thermal and oxidative stability of the bio-wax products, a
similar TGA procedure was followed.

2.2.7. Differential scanning calorimetry. DSC experiments
were performed on a TA Instruments DSC Q2000 instrument.
Typically, 5-8 mg of sample was precisely weighed in alu-
minium pans and closed off with non-hermetic lids. After
equilibration at 100-120 °C for 5 minutes, temperature cycling
was done between —40 and 120 °C or 20-100 °C for 2 cycles
with a heating rate of 5 °C min~! under constant N, flow
(50 ml min™").

2.2.8. Viscosity measurement. A Physica MCR 501
rotational rheometer (Anton Paar) was used to determine the
viscosity of fatty acid substrates and ketone wax products. A
titanium cone-plate CP50-1 (50 mm diameter, 1° cone
angle) geometry system was used. Heating was established
via a Peltier element and measurements were performed
at 100 °C. The shear rate was increased from 0.1 to 100 Hz
over a total of 160 seconds with data collection every 10
seconds.

2.3. Ketonization and hydrogenation reactions

2.3.1. Ketonization reaction procedure. In a typical experi-
ment, 40 g of fatty acid substrate is loaded into a 100 ml Parr
(semi-) batch reactor together with the desired amount of TiO,
catalyst. First, the reaction mixture is melted by heating to
100 °C before flushing out the air by adding 10 bar of inert N,
pressure and stirring at 600 rpm for 90 seconds, after which
the head space is evacuated. This flushing procedure is
repeated 3 times to ensure an inert reaction atmosphere
during reaction. Afterwards, starting from atmospheric
pressure and 100 °C for a typical batch experiment, the temp-
erature is increased to the desired reaction temperature with a
heating rate of 8 °C min™". For semi-batch experiments, a con-
tinuous N,-flow (1-60 ml min~"), which is controlled by
BRIGHT series modules by Bronkhorst, is passed through the
liquid reaction medium via a gas inlet tube connected to the
mechanical stirrer. The head space outlet gas is passed
through a condenser system, which is maintained at 5 °C, in
such a way to avoid any substrate or product loss besides N,
CO,, or other gasses. A constant reaction pressure is provided
in these semi-batch experiments and controlled by back
pressure regulators. After the desired reaction time has
expired, the reactor is cooled to 95 °C with an ice bath and
depressurized before opening.

2.3.2. Hydrogenation reaction procedure. For hydrogen-
ation of unsaturated fatty acids before ketonization, 40 g of
substrate was loaded into the 100 ml Parr batch reactor. A cata-



lyst basket, attached to the mechanical stirrer, was used for the
hydrogenation catalyst (PRICAT Ni 52/35), which was used in
pellet form (3 g). The flushing procedure was identical to that
of the ketonization reaction. After flushing, a H, pressure of 30
bar was applied at 100 °C and the temperature was raised to
210 °C for 8 hours. After hydrogenation, the reactor was cooled
with an ice bath and the hydrogenation catalyst was simply
removed by detaching the catalyst basket from the mechanical
stirrer.

2.3.3. Product analysis. Eicosane (2 g) is added as internal
standard and the reactor content is stirred for an additional
10 minutes at 95 °C for homogenization purposes. Next, 0.5 g
of sample is dissolved in 5 ml chloroform, after which it is cen-
trifuged at 3500 rpm for 15 minutes to ensure full catalyst sep-
aration. Afterwards, 1 ml of supernatant is derivatised via tri-
methylsilylation using an excess of MSTFA and heating at
60 °C for 30 minutes to guarantee full conversion of unreacted
fatty acid substrate. Gas chromatography (GC) was performed
using an Agilent 6890 instrument equipped with an Agilent
HP-5 column (30 m, 0.32 mm internal diameter, 0.25 pm film
thickness) and a flame ionization detector (FID at 320 °C). The
injection volume was 1 pl and a split ratio of 10:1 was used
with N, as carrier gas. Injection and initial oven temperatures
were 300 and 60 °C, respectively. The oven temperature was
then increased to 190 °C with a heating ramp of 10 °C min™,
from 190 to 200 at 1 °C min™*, from 200 to final 310 °C at 5 °C
min~!, which was held for an additional 15 minutes.
Quantification was performed via calibration curves obtained
using the eicosane standard and purchased pure analytical
grade fatty acids and ketones. Additional identification of
unknown or commercially unavailable compounds was carried
out via gas chromatography-mass spectrometry (GC-MS)
using an Agilent 5973 instrument equipped with a HP-5 ms
column (25 m, 0.25 mm internal diameter, 0.25 pm film thick-
ness), for which the same GC-FID temperature program was
used. Analysis of the head space gas composition after batch
reaction was carried out on a dual channel Interscience Trace
GC instrument equipped with a RTX-1 column and FID detec-
tor, and a Hayesep Q column with thermal conductivity detec-
tor (TCD). The distribution of the molecular weight of the
solid wax compounds was investigated using gel permeation
chromatography - size exclusion (GPC-SEC). Samples (20 mg)
were solubilized in THF (4 ml) and afterwards filtered with a
0.2 um PTFE membrane to remove any particulate matter.
GPC-SEC analysis was performed at 40 °C on a Waters E2695
Separation Module instrument equipped with a PL-Gel 3 pm
Mixed-E column, using THF as solvent with a flow of 1 ml
min~'. A Waters 2414 refractive index (RI) detector was used.
Proton nuclear magnetic resonance (‘H-NMR) analysis was
performed in the liquid phase using a Bruker Avance III HD
400 MHz instrument with autosampler. Approximately 20 mg
of crude wax sample was dissolved in 0.5 ml deuterated chloro-
form with TMS and filtered with a 0.2 pm PTFE membrane
before transferring to an NMR tube. The spectra were acquired
at 25 °C, using a pulse angle of 30°. The chemical shifts (ppm)
are referenced to tetramethylsilane.

2.3.4. Catalyst separation. To test the catalyst stability, the
catalyst was separated from the liquid reaction product via a
heated centrifugation step at 100 °C and 5000 rpm for
30 minutes to ensure full precipitation of the catalyst.

2.4. Aqueous wax emulsion application testing

For detailed procedures regarding the application testing, the
reader is referred to an earlier pending patent application
which includes the general preparation procedure of the
aqueous phase wax emulsions, particle board testing and
application evaluation for hydrophobization.**

2.5. Green Chemistry

The Green Chemistry concept focuses on waste prevention by
evaluating chemical reactions and their corresponding pro-
cesses on the basis of 12 fundamental principles and 7 measur-
ing instruments.” One of the first and most telling Green
Chemistry measures is the E-factor, which expresses the
amount of waste (kg) produced per kg of desired product. In
this case, total waste means all waste including non-converted
reactants or auxiliaries, undesired reaction products and
losses due to solvent recovery and other post-treatments. The
only common exception to this rule is water, which is often
not taken into account as waste because its inclusion leads to
peculiarly high E-factors making representative comparisons
difficult. Secondly, the atom economy/efficiency is defined as
the ratio of the molecular weight of the desired product over
the molecular weight of the reactants. Since molecular weights
are used for its calculation, atom economy is a theoretical
measure which can be used to assess the initial acceptability
of a chemical reaction or process. The effective mass yield
(EMY) describes how much kg of desired product can be
obtained per unit of mass of “non-benign” reagents. A fourth
measure is known as the mass intensity (MI), which shows the
total amount of mass required to produce a unit of product on
a wt/wt basis. The following relation between the E-factor and
the mass intensity of a reaction holds true: MI = E-factor + 1.
The ideal E-factor being zero logically leads to an ideal MI of 1.
In contrast to the previous two measuring instruments, the
mass intensity takes into account all types of reactants, sol-
vents and auxiliaries as well as the actual reaction yield. As a
fifth measure, the mass productivity is simply the reciprocal of
the mass intensity and equals the effective mass yield in case
there is no solvent waste generated and all reagents are con-
sidered non-benign. Given the increased awareness of the fra-
gility of our carbon cycle and the impact of its disruption on
the current wellbeing of our planet and its societies, a sixth
measure covers information about the carbon balance of a
chemical reaction or process. The carbon efficiency is defined
as the percentual ratio of the effective amount of carbon in a
product over the total amount of carbon in the reagents. By
taking into account both the reaction yield and stoichiometry,
this measure indicates how sparingly carbon is used. The last
measure is known as the reaction mass efficiency (RME),
which reveals the ‘greenness’ of a reaction because, in addition
to the reaction stoichiometry and yield, also the atom



economy is taken into account. The RME reflects in mass per-
centage how much of the reagents ends up in the final

product and equals the effective mass yield when all reagents
are considered non-benign.

2.6. Life cycle assessment

2.6.1. Goal. The goal of the comparative life cycle assess-
ment is to quantify the overall environmental impact of the
bio-based ketone wax (LCAy) relative to that of the benchmark
petroleum-based wax or paraffin wax (LCA;,). The comparative
LCA in this work is conducted in line with the standardised
methodological framework existing of two International
Standards: ISO 14040 and ISO 14044. ISO 14040 ** describes
the principles and framework for life cycle assessment, while
ISO 14044 %" specifies requirements and provides guidelines
for life cycle assessment. When conducting a LCA, it is impor-
tant to validate the influence of the assumptions made and
data used. Therefore, uncertainty and sensitivity analyses are
included in order to reflect on the assumptions and to identify
the key parameters influencing the resulting impacts.

2.6.2. Functional unit. Since the bio-wax ketones are tested
in aqueous wax emulsions for hydrophobization of wooden
composite materials, the functional unit (FU) has been
defined as 1 kg of wax (fatty acid or petroleum based) ready to
use in a wax emulsion product. Therefore, the reference flow is
1 kg of ketone wax or paraffin wax. The wax emulsions will be
applied as hydrophobic coatings on wood composite panels
with a suspected lifetime of 20 years. With 1 kg of wax, it is
possible to coat approximately 40 m” of wood surface with two
layers. The European Union is taken as the location for both
the production of the waxes and wax emulsions, as well as for
the application, use and incineration of the wood coating
product. The two LCA studies (LCA;, and LCA;) are compared
based on their reference flows.

2.6.3. Methodology. An attributional life cycle model is
used which implicates that all the impacts directly related to
the supply chain of the wax emulsions are taken into
account.”® As impact assessment methodology, ReCiPe 2016
v1.1 is used as it is one of the most recent and harmonized
methodologies available for conducting a reliable life cycle
impact assessment.”® A cradle-to-grave approach is chosen as
this tends to be the most reliable, comparable and representa-
tive system boundary possible. For the base case scenario,
economic allocation based on market prices has been chosen
as the global warming impact of a product increases with
increasing economic value.’® The following impact categories
have been selected for investigation: climate change excluding
biogenic carbon (kg CO, eq.), climate change including bio-
genic carbon (kg CO, eq.), freshwater consumption (m?), fresh-
water eutrophication (kg P eq.), human toxicity, non-cancer (kg
1,4-DB eq.), photochemical ozone formation ecosystems (kg
NO, eq.), photochemical ozone formation human health (kg
NO, eq.), terrestrial acidification (kg SO, eq.) and terrestrial
ecotoxicity (kg 1,4-DB eq.).

2.6.4. Datasets and detailed description. The GaBi dataset

“Wax/Paraffins at refinery; from crude oil; production mix, at

refinery; 38 MJ kg net calorific value (en)” has been chosen
for the benchmark LCA,.°° This dataset covers the whole
supply chain going from well drilling for crude oil extraction
over processing and refining until the finished product of
paraffin wax, including all relevant transportation via pipelines
and/or vessels. Further detailed description is provided in the
ESL ¥

For the production of refined palm oil, the aggregated Gabi
process data set “MY Palm oil, refined; technology mix; pro-
duction mix, at plant; refined (incl. LUC as fossil CO,)” is
used.” This dataset is representative for the country of
Malaysia (MY). In this study, transport to Europe by cargo ship
has been modelled and included. The used GaBi dataset on
the production of refined palm oil is based on the latest litera-
ture and the overall data quality is classified as very good by
Thinkstep’s data quality indicators system. Substrate transport,
the use of this dataset and accompanying assumptions of this
study are described in detail in the ESL¥

The end-of-life (EoL) incineration has been modelled the
same way for both assessments, using the GaBi thinkstep
process dataset for the waste incineration process of polyethyl-
ene (PE), except for the definition of the carbon dioxide emis-
sions. The CO, from paraffin incineration is defined as fossil,
while the CO, from the bio-wax incineration is defined as bio-
genic. The incineration process of PE can be regarded as a
reasonable model for the incineration of wax given the major
similarity in chemical structure between PE (C,H,,), paraffin
wax (C,Hansz) and ketone bio-wax (C,H,,O). However, the
calorific value of PE (43.5 MJ kg™") and wax (38 MJ kg™ ") is not
identical and hence the electricity and heat produced by incin-
erating the two would be different. This has been accounted
for by updating the output electricity and heat in the database
process of PE by converting it based on the difference in calori-
fic value. The thermal energy (steam) output as well as the
electricity output are recovered (given credit) within the
process.

2.6.5. General assumptions and limitations. To ensure a
correct and representative comparison between LCAy, and LCA,
it is important to mention the following general aspects and
assumptions which are the same for both life cyles: time
horizon (100 years), geographical boundary (European Union),
cut-off rules (coverage of at least 95% of mass and energy of
the input and output flows, and 98% of their environmental
relevance (according to expert judgement)), natural gas (EU-28
2014) and electricity mix (EU 28), temporal period (LCAp:
2008-2017 and LCAy: 2019), impact assessment methodology
(ReCiPe 2016 v1.1 — Hierarchist (H) perspective) and reference
flow (1 kg of wax ready to use in a wax emulsion product).
While the aim is to have the same technological representative-
ness, it must be noted that LCA, is based on optimised and
mature refining and purification technologies, while LCA;, is
based on upscaled lab results. This is also the main limitation
of this comparative LCA. Furthermore, since this is a compara-
tive study, any minor steps which are identical for LCA, and
LCA,, will have no influence on the comparability of the results
and will therefore not be included in the analysis. These
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include final processing operations of the wax products such
as packaging and transfer to clients.

3. Results and discussion

As discussed in the introduction, the current state-of-the-art
does not suffice to accurately perform a critical and extensive
LCA of this biomass conversion reaction. An exploratory experi-
mental catalytic study of fatty acid ketonization is therefore
first performed in this work to acquire the required reaction
conditions and process parameters for high conversion rate
and ketone selectivity. These data are necessary for the major
purpose of this study, which is to perform the first ketoniza-
tion LCA.

3.1. Substrate analysis & catalyst characterization

The fatty acid profile of commercial PFAD - a by-product of
palm oil refining - is given in Table 1. Apart from saturated
palmitic (C16:0) and unsaturated oleic acid (C18:1) as the
main compounds, it contains smaller amounts of myristic
(C14:0), stearic (C18:0) and linoleic acid (C18:2). The substrate
is a yellow to light brown semi-solid at room temperature as a
result of this composition, while above its melting point
(40-45 °C) the substrate is a brown translucent liquid.

Amphoteric oxides such as ZrO,, TiO, and CeO, are cited as
preferred ketonization catalysts due to their high activity and
selectivity. Although debated, surface Lewis acid-base pairs
(coordinatively unsaturated Ti*'-O”~ species) are the generally
accepted active sites which catalyse the C-C coupling via a
B-ketoacid mechanism.>*>® Here, two commercially available
TiO, materials (KRONOKat 7500 (KK7500) from Kronos and
Hombikat M211 (HM211) from Venator) were selected as
potential catalysts for the ketonization of PFAD. Table 2 sum-
marizes the physicochemical properties of these materials as
determined via various characterization techniques (see ESI
Fig. S1-S77 for extensive analysis and details).

Both TiO, catalysts materials are high surface area anatase
catalysts containing only Lewis acid-base sites (Ti*'-0”"). The
Lewis acidity of these catalysts originates from coordinatively
unsaturated Ti*" ions on the surface, acting as electron accep-
tors due to the presence of unoccupied orbitals in their
valence electron shell. While Ti atoms in the stoichiometric
bulk phase are coordinated by six O atoms, exposed Ti atoms
on the surface can be coordinated by only five O ligands.
Similarly, exposed coordinatively unsaturated O’~ ions at the

Table 1 Fatty acid distribution of palm fatty acid distillate (PFAD)
substrate

Name Chemical formula Wt%
Myristic acid C14:0 1.2
Palmitic acid C16:0 48.3
Stearic acid C18:0 4.2
Oleic acid C18:1 38.1
Linoleic acid C18:2 8.1
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Table 2 Summary of characterization results of TiO, catalysts used in
this work

Catalyst property KK7500 HM211
Crystal phase Anatase Anatase
Primary crystallite size (nm)* 9.6 7.8
Band gap (eV) 3.3 3.3
BET surface area (m” g ') 248 266
Lewis acidity (pmol g™') at 150 °C 540 324
Lewis acidity (umol m™>) at 150 °C 2.17 1.22
Lewis acidity (umol m™2) at 250 °C 1.29 0.86
Lewis acidity (umol m~?) at 350 °C 0.52 0.42
Brensted acidity (pmol g™*) at 150 °C <1 <1
Total relative acidity” (%) 122 100
Total relative basicity” (%) 24 100

“Based on XRD. “Based on total integrated TPD signal area per
surface area of catalyst.

surface act as Lewis bases (electron donors). In the stoichio-
metric bulk phase, O atoms are coordinated by three Ti atoms,
while exposed O atoms on the surface can be coordinated by
only two Ti ligands. In this manner, neighbouring Ti*'-0"~
active centres are responsible for fatty acid adsorption, acti-
vation and ultimately ketonization on the TiO, surface. The
(relative) strength of these Lewis acid-base sites (Ti*'-0’7)
depends on their bonding interaction with the adsorbing
(probe) molecules, which is inherently determined by the geo-
metrical and electronic environment of the surface and its sur-
roundings. These are affected by several material parameters
of the heterogeneous materials such as Ti-O bond distances,
nature of crystallographic surfaces, presence of defects, steps,
edges, terraces, degree of surface (de)hydroxylation, etc.>*™>®
The KK7500 catalyst has a higher Lewis acid site density with
stronger acid sites compared to HM211, while the latter
material has a higher base site density and stronger basicity
(leaving potential formation of carbonates from CO,).

3.2. Fatty acid ketonization

The first goal of these ketonization screening experiments is
the achievement of high substrate conversion rate and product
selectivity under industrially relevant solvent-free process con-
ditions in the liquid phase. This is indispensable to obtain
reliable and essential data to design a large scale ketonization
process, and from there the technical analysis and resulting
LCA. Extensive optimization and modification of the catalysts
on a microscopic level are not the primary objectives here, and
will be published elsewhere. The initial screening was carried
out using pure stearic acid (SA) as model compound to obtain
the stearone (18-pentatriacontanone) product (Table 3, entries
1-10). The experiments were conducted in a liquid phase
batch reactor without any solvent or additive, operating at
autogenous pressures (5-40 bar depending on conditions).
The starting temperature was selected based on a survey of the
relevant literature."’ Given that 1 mole of water and carbon
dioxide are formed as co-products for each mole of ketone
during the ketonization reaction, the maximum theoretical
mass yield for stearone at full conversion (X) is 89%.
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Table 3 Screening of liquid phase SA and PFAD ketonization using KK7500 and Hombikat M211 TiO, catalysts. M¢eeq = 40 g; stirring rate = 600 rpm.

For batch reactions, the final autogenous pressures are shown

Entry Feed Catalyst Loading (wt%) t (h) Mode P (bar) N,-Flow (ml min™") T (°C) X (Wt%) S (%)
1 SA KK7500 40 1 Batch 13 — 340 30 99
2 SA KK7500 40 2.5 Batch 31 — 340 92 99
3 SA HM211 40 1 Batch 11 — 340 15 100
4 SA HM211 40 2.5 Batch 19 — 340 62 99
5 SA KK7500 20 2.5 Batch 26 — 340 48 99
6 SA KK7500 6.75 1 Batch 6.4 — 340 5 99
7 SA KK7500 6.75 2.5 Batch 15 — 340 16 98
8 SA KK7500 6.75 2.5 Semi-batch 5 5 340 33 99
9 SA KK7500 6.75 2.5 Semi-batch 5 20 340 40 99
10 SA KK7500 6.75 2.5 Semi-batch 5 50 340 41 99
11 PFAD KK7500 20 3 Batch 4.6 — 300 3 78
12 PFAD KK7500 20 3 Batch 8.2 — 320 14 79
13 PFAD KK7500 20 3 Batch 31 — 340 44 77
14 PFAD KK7500 20 3 Batch 39 — 350 79 76
15 PFAD KK7500 6.75 3 Batch 16 — 340 13 76
16 PFAD KK7500 10 6 Batch 41 — 350 99 76
17 PFAD KK7500 10 6 Semi-batch 5 20 350 100 76
18 PFAD KK7500 5 4 Semi-batch 5 20 350 87 77
19 PFAD KK7500 5 4 Semi-batch 5 20 360 100 69
20 PFAD KK7500 2.5 6 Semi-batch 5 5 350 58 74
21 PFAD KK7500 5 6 Semi-batch 5 5 350 99 75

Therefore, the selectivity (S) is expressed relative to the theore-
tical maximum for any given conversion value in this work.
From Table 3, it can be observed that all reactions gave
(near to) full selectivity to the Cz5 ketone product for both TiO,
catalysts. In some instances, a trace amount (1-2 wt%) of hep-
tadecane was obtained as a result of the direct deoxygenation
side-reaction of stearic acid via decarboxylation. Furthermore,
the more Lewis acidic KK7500 catalyst showed both higher
initial (entry 1 vs. 3) and total overall conversion rate (entry 2
vs. 4) for reaction times of 1 and 2.5 hours, respectively.
Different KK7500 loadings (#ca/Meeq) showed a linear corre-
lation with the overall conversion, corresponding to an average
ketone productivity of 0.94 = 0.02 Zietone Zeac - h™'. Because
CO, and H,O0 are formed at 340 °C, an increase of the autoge-
nous pressure inside the batch reactor was observed over time
(example given in Fig. S8%). Given the reported product inhi-
bition due to competitive adsorption of the three reaction pro-
ducts in the case of short-chain (C,-C,) carboxylic acid
ketonization,””>®* a drop in the conversion rate was also
expected for the liquid phase ketonization of long fatty acids
with increasing conversion. Additionally, it has been recently
stated that ketonization could be an equilibrium reaction, for
which the reverse reaction rate increases for elevated CO,
pressures.’®®® To compensate for these potential activity
losses, the most active catalyst was tested in the so-called semi-
batch operation modus. This allows a continuous in-and-out
flow of the gas phase, by purging N, through the liquid reac-
tion medium at constant pressure via a gas inlet tube con-
nected to the mechanical stirrer. At the reactor outlet, a con-
denser maintained at 5 °C prevents any liquid substrate or
product loss, as they are sent back into the reaction medium.
The results are shown in entries 8-10, revealing considerable
improvement of the conversion rate upon utilization of such
reactor purging. The conversion rate of SA almost tripled (com-

pared to batch system), corresponding to a space time yield of
2.4 Zetone Zear - ™' (Fig. S91). Purging (of CO, and H,0) is
thus important to shorten the reaction time and use the cata-
lyst more efficiently. Until today, only the negative impact of
water has been reported in a single pending patent application
in the case of liquid phase fatty acid ketonization with a TiO,
catalyst, but not the effect of CO,. On the contrary, the particu-
lar example used pure CO, as carrier gas, with no mention on
its potential inhibition of the conversion rate, as shown here.**

Next, the ketonization of the commercial PFAD substrate
was investigated (Table 3, entries 11-21). Increasing the reac-
tion temperature between 300-350 °C (entries 11-14) increases
the conversion rate according to an exponential Arrhenius
relationship, with an observed activation energy of 177 KJ
mol ™" after assuming a zero order reaction (Fig. $107). In this
work, pure fatty acid substrate is used without any solvent or
additive, and relevant ketonization literature typically shows a
zero order dependence at high(er) substrate concentrations
due to saturation of the active sites wunder these
circumstances.®"®® This apparent activation energy value is in
line with other reported values of 185 k] mol ™" for ketonization
of acetic acid on Ru/TiO, *® and 160 kJ mol™" for palmitic acid
using K,O/TiO,.** Clearly, the liquid phase ketonization of
fatty acids benefits from a high reaction temperature, which is
related to the favourable thermodynamics given its endother-
mic reaction enthalpy.*® Despite a considerable level of unsa-
turation and some non-fatty acid impurities in the feedstock
(compared to pure SA), a mixture containing 75 wt% of C,,—
C;s ketones is formed at 350 °C at full conversion (see next
paragraph for detailed product analysis). Increasing the ketoni-
zation temperature further to 360 °C resulted in lower ketoni-
zation selectivity (69%), mainly due to increased deoxygena-
tion reactions. Therefore, 350 °C was chosen due to the desir-
able balance of high activity, selectivity and industrial applica-
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bility. As a conclusion of these screening experiments, the fol-
lowing conditions were selected as starting point for the base
case LCA: a 5 wt% catalyst loading, and a 6 hours ketonization
reaction carried out in semi-batch mode at 350 °C. These
industrially relevant conditions provide PFAD conversion and
an overall ketone productivity of 2.5 Zietone Zeat - h™' and
3.3 Gwax Eeac - W™ for the total solid bio-wax.

The catalyst stability was tested as it determines the
amount of active material that must be taken into account
during the ketonization process design and the derived LCA.
Therefore, three consecutive runs were performed under the
base case conditions without any additional treatment
between the experiments (Fig. S117). A 45% decline in catalytic
activity was observed for the third run with KK7500. Post-reac-
tion analysis of the catalyst via TGA and N,-physisorption tech-
niques indicate that the loss of catalytic activity is attributed to
the loss of surface area (sintering) and the presence of carbon
cokes on the active material (Fig. S11 and S127).

3.3. Bio-wax product analysis

To perform an accurate LCA, a detailed and complete mass
balance is required, which is shown in Table 4 after full PFAD
conversion. The solid wax product mainly contains C,;—Css
ketones due to the occurrence of both homo- and cross-ketoni-
zation between the different PFAD fatty acids. As PFAD consists
of 38% oleic acid (C18:1) and 8% linoleic acid (C18:2), a multi-
tude of different unsaturated C;; and Cj;; ketones can be
formed due to positional and geometric C=C bond isomerisa-
tion under the ketonization conditions.®* Around 1% of C;s—
C;7 hydrocarbons were present, due to decarboxylation side
reactions. Thus, 24% of the solid mass balance remained
unknown after GC(-MS) analysis. Therefore, additional ana-
lysis via GPC and "H-NMR was performed to investigate the
impact of the (poly)unsaturation in the feedstock on the keto-

Table 4 Full mass balance for complete ketonization conversion of
40 g PFAD

Quantity Quantity
Input (g) Output (2)
Myristic acid 0.5 C,5 ketone 0.1
Palmitic acid 19.3 C,o ketone 0.5
Stearic acid 1.7 C3; ketone 10.4
Oleic acid 15.3 C3; ketone 12.8
Linoleic acid 3.2 C;5 ketone 3.5
Cj6 dimers and Cs, 8.7
trimers
C;5-C;7 hydrocarbons 0.36
CH, 0.01
C,H, 0.01
C,H, 0.01
C;Hq 0.01
Cus 0.01
CO 0.03
CO, 2.5
H,0 1
Total 40 Total products 39.94

substrate
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nization selectivity (see ESI} for extensive analysis). Firstly,
GPC analysis indicated that the remaining unknowns in the
wax fraction can be linked to molecular weights in the range of
fatty acid dimers and trimers (Fig. S137t). It is well known that
these high boiling C;3, and Cs, side products can be formed
thermally or catalytically from oleic and linoleic acid via oligo-
merisation reactions at the double bond at elevated tempera-
ture (250 °C and higher). Typically, the final product of dimeri-
zation is a mixture containing unsaturated linear, cyclic and
aromatic dimers and trimers (Fig. $147).%> In fact, fatty acid
dimers are commercial products that are currently used as
building blocks for polymers and as ingredients in the cos-
metics industry, for example in skin and hair products. Other
applications include lubricants, surfactants, resins, fuels and
coatings. Their presence in the crude PFAD bio-wax product
was further confirmed via 'H-NMR (Fig. S15 and S16%),
showing characteristic signals for the presence of unsaturated
aromatic, cyclic and linear non-fatty acid carboxylic acids.®® To
further validate these findings, the original PFAD feedstock
was subjected to a hydrogenation reaction prior to the ketoni-
zation in a separate experiment (ESIf). Ketonization of this
(nearly) fully hydrogenated (~97% saturated fatty acids) sub-
strate resulted in a bio-wax which contained 96% of C,,-Cs;5
ketones at 99% conversion, showing very high ketone selecti-
vity, supporting the side product analysis of unsaturated fatty
acid di/trimerization side reactions for ketonization of the
non-hydrogenated PFAD (Fig. S13 and S167).

In summary, hydrogenation of unsaturated fatty acid sub-
strates prior to ketonization may be recommended if very high
ketone selectivity (>90%) is important for the target appli-
cation. As will be shown in section 3.4, this is not the case for
the particular application of this study.

The relative composition of the head space gasses (besides
N, as flushing agent) was analysed offline via GC after a batch
reaction with full PFAD conversion, showing that nearly all of
the head space gas consisted of CO, (96 vol%), in expectation
with the ketonization reaction equation (eqn (1)). Additionally,
trace amounts of light hydrocarbons (1.9 vol%) and CO (2.1
vol%) were also detected, which can be formed from minor
side-reactions such as cracking, deoxygenation or (reverse)
water-gas-shift reactions. No hydrogen gas was detected and
the liquid (water) phase was not collected for analysis after
reaction. To complete the total mass balance, the absolute
amount of CO, and water were calculated based on the reac-
tion stoichiometry and the amount of ketone formed (and
thus the actual measured ketone selectivity).

Finally, some physical properties of the solid PFAD wax
product were measured to complete the energy balance of the
ketonization process. The melting point and heat capacity
values of the PFAD based bio-wax were determined using
differential scanning calorimetry (Fig. S17t). The melting
point peak is situated around 71 °C, while the overall melting
profile is broad between approximately 55 and 75 °C. This is a
direct result of the different carbon chain lengths and pres-
ence of various (un)saturated isomers in the C,,-Css ketone
mixture. Finally, the average heat capacity of the liquid wax



Published on 16 August 2021. Downloaded by KU Leuven Libraries on 9/29/2022 2:06:27 PM.

product was measured at 3.28 J ¢! K" between 80-100 °C
(above melting point, see ESIT).

3.4. Hydrophobization application of ketone bio-waxes

We also created ketone bio-waxes from other commercial fatty
acids, of which we have previously reported the hydrophobiza-
tion performance.** These include animal fat (59% FFA, by-
product of chemical animal fat refining), coconut and palm
kernel fatty acids (compositions in Table S1t). Their fatty acid
profiles are significantly different, which evidently is reflected
in the composition of the resulting ketone mixtures. After full
conversion, the coconut and palm kernel derived bio-waxes
consisted of 97 and 96% ketones, respectively, mainly com-
prised of shorter saturated C,;-C,,; ketones. As a result, the
53 °C melting point of the palm kernel bio-wax is considerably
lower than that of the PFAD bio-wax (Fig. S181). This shows
that depending on the desired physicochemical properties of
the end product, ketonization allows targeted selection of the
appropriate biomass feedstock.

The ketone bio-wax originating from PFAD was tested as a
hydrophobization agent for wood composite materials in an
aqueous wax emulsion. This is an important industrial treat-
ment to reduce the penetration of water into various (construc-
tion) products, by minimizing swelling and increasing the re-
sistance to moisture and water uptake. While typically pet-
roleum derived paraffin waxes are used for this application,
here we investigated and compared the performance of the
bio-based ketone wax. This also means that no additional
hydrodeoxygenation step was performed to convert the
ketones into their corresponding alkane analogues.

To determine the hydrophobization performance of PFAD
bio-wax, wooden panels were first treated with its aqueous wax
emulsion and subsequently submerged in a water column for
2-24 hours. Afterwards, both the water uptake and degree of
swelling were determined and compared to the other bio-
waxes and three commercially available fossil based bench-
marks (Table 5). Wax 1 is a solvent dewaxing product of a
SN150 base oil, which is known for its excellent water repellent
properties. Wax 2 originates from the solvent dewaxing of
SN300 or SN350 base oil streams and has an intermediate per-
formance regarding water repellence of particle and chip-
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boards. Finally, wax 3 is a slack wax known for its overall lower
quality in this kind of application. First of all, the results of
Table 5 show an increased resistance to water for the PFAD
bio-wax coated panels as the water uptake and swelling thick-
ness values are lower than those of the blank control sample.
When the application results of the PFAD bio-wax are com-
pared to those of waxes 1-3, better or at least similar water
repellence properties are obtained compared to wax 1, which is
known in the industry for its excellent performance. This was
also the case for the other bio-based waxes, of which the
animal based product performed slightly better than the
others.

Besides its hydrophobization performance, the thermal
stability of the PFAD bio-wax was determined under oxidative
conditions (O,) up to 750 °C via TGA (Fig. S197). The primary
weight loss starts to occur at the onset temperature of 200 °C,
while the remaining 25 wt% degrades between 300-500 °C,
similarly to the TGA profile of the commercial dimer acid
mixture. The thermal stability profile of the bio-wax is satisfac-
tory and comparable to those of a standard Cj, alkane and the
commercial fully refined paraffin wax used in this kind of
application. Based on our findings, aqueous phase emulsions
containing biomass derived ketones have the potential to
replace the current fossil based standards.

3.5. Process design

A realistic process design with mass and energy balances is the
basis of any dedicated LCA. Based on the lab scale results, we
developed an integrated industrial process scheme using both
a scaling-up framework from literature®” and expertise from
industry specialists. With an initial annual bio-wax production
capacity of 5 kiloton, this design starts with feedstock unload-
ing from a transport truck, by heating from around 15 to 70 °C
to enable liquid feedstock pumping to a storage vessel that is
kept at constant 70 °C (Fig. 2). These practices are suggested
by the oleochemical industry for practical fatty acid hand-
ling.®® The feedstock is then pre-heated and pumped to the
reactor, TiO, catalyst is added, while continuous venting with
N, gas creates an inert reaction atmosphere and removes CO,,
H,0 and other gaseous by-products. The desired ketonization
temperature can be reached by a thermal oil system, using

Table 5 Application test of bio-wax ketones in aqueous wax emulsions for hydrophobization of wooden panels

Blank® PFAD Animal® Coconut® Palm kernel® Wax 1° Wax 2° Wax 3°

W1t% ketone in solid bio-wax NA 75 61 97 96 NA NA NA
Water repellent properties

Water uptakeb 2h 81 27 19 26 27 19 26 59
Water uptake 5 h 83 36 28 39 40 33 38 73
Water uptake 24 h 90 59 52 63 64 71 69 86
Thickness swelling” 2 h 16 8 6 7 7 6 7 13
Thickness swelling 5 h 17 11 8 10 10 8 9 16
Thickness swelling 24 h 18 17 17 17 18 17 19 19

“Without any aqueous emulsion treatment. ” Measured as percentage increase in weight of the wooden panel test sample after submersion in
water. ° Measured as percentage increase in thickness of middle part of wooden panel after submersion in water. NA: not applicable. ¢ This work.

¢ Ref. 44.
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Fig. 2 Proposed industrial ketonization process scheme with detailed indication of mass and energy flows.

natural gas for the required thermal energy. A second identical
reactor was included in this design to efficiently transfer the
thermal energy of the first reactor during cooling down when
the catalytic ketonization reaction is completed. The second
reactor can then utilize this thermal energy via an integrated
heat recirculation loop, which can be achieved via cooling
technology which includes adiabatic cooling towers with
water/steam circulation.

Constant N, venting at low to moderate pressures (5-10
bar) ensures fast and full PFAD conversion in the liquid phase
due to continuous CO, and H,O removal. Nitrogen is purged
through the liquid phase using established technologies such
as integrated systems in the mechanical stirrer. The vapour
pressure of pure palmitic acid, which is the main component
of PFAD, was calculated via the Clausius-Clapeyron equation
and has a value of around 10 kPa at 350 °C and 10 bar N,
pressure (ESIT).°® As a result, potential feedstock loss via the
vapour phase is already limited significantly by the operating
conditions. Furthermore, during catalytic operation the vapour
phase is continuously removed and passed through a conden-
ser at the outlet, which is a system similar to that of the lab
scale operation. Hereby, unreacted fatty acids (if any are
present in the outlet stream) are immediately sent back to the
reactor by condensation.

Several treatment options exist for the remaining outlet
mixture of N,, CO,, H,O, CO and hydrocarbons. They can be
emitted as such, separated for recycling of process N, or sent
to an incinerator system for full conversion to a mixture of N,,
H,0 and CO, using additional air in a regenerative thermal
oxidation (RTO) unit for potential thermal energy recuperation
and possible emission reduction. Regarding the latter, in

section 3.6.2 it will be shown that there is no global warming
potential reduction via off-gas incineration. This is due to the
very low total amount of CO and trace hydrocarbons in the gas
outlet. Based on the outlet composition and associated
reported lower heating values,”® complete combustion of the
hydrocarbons and CO would generate 5.4% of the total energy
requirement per batch. This is an upper value and does not
take into account the thermal and electrical energy necessary
to operate such an incinerator system (typically operating
around 850 ©°C). Also, additional mass input would be
required, as well as additional capital and operating costs.
Based on the balance between these three considerations (no
emission reduction, limited energy recuperation, additional
costs), the off-gas incineration was omitted in the base case
process design.

To separate the TiO, catalyst from the wax product, the
reactor effluent is sent to a heated (disk stack) centrifuge
system operating at 100 °C. An intermediate product stock is
installed to first increase the total amount of product before
applying this separation step. After separation, the catalyst is
recuperated for reuse. Based on the lab scale results and
industry expertise, the amount of catalyst loss for this step was
set at 3%. A wax product loss of 1% was accounted for in this
design.

A more detailed overview of the inventory data and accom-
panying assumptions to compose the overall mass and energy
balances is summarized in Table S2.1 An important note must
be made here on the reaction enthalpy. While the endothermic
standard enthalpy of reaction is 30 k] mol™" for palmitic acid
ketonization,** tabulated thermodynamic values are not avail-
able for the ketonization reaction at 350 °C. Based on the



Table 6 Energy balance for conversion of one PFAD batch (3656 kg) in the designed ketonization process scheme

Energy requirement (kJ per

Process step batch)

Description

Thermal: 718 845
Electricity: 3373
Thermal: 4 350 490
Electricity: 86 400
Thermal: —2 310 390
Electricity: 334 800
Thermal: 48 916

PFAD unloading and storage
Ketonization
Heat transfer

Product storage and
centrifugation

Electricity: 111 600
Thermal: 2 807 861
Electricity: 536 173

Total balance

temperature dependence of the heat capacities of substrates
and products,”’> we have estimated this parameter to be
around 55 kJ mol™" at 350 °C (see ESIY).

The energy balance of the process is summarized in
Table 6, where for each step a distinction is made between
thermal energy (heating and cooling) and electrical energy
(pumping, compression, centrifugation, etc.). The ketonization
of one batch PFAD requires 2 807 861 kJ of net thermal energy
(780 kW h). The total required electrical energy is significantly
lower at 536 173 kJ (149 kW h). The ketonization reaction is the
most energy intensive step due to the reaction temperature of
350 °C and its endothermic character. For this energy balance,
the highest value of 55 k] mol™" was used to avoid any under-
estimation (Fig. S207). For reaction enthalpy values at 350 °C
of 30 and 55 k] mol ™", the total energy requirement for ketoni-
zation of one PFAD batch is 827 and 929 kW h, respectively.
This indicates that the availability of thermodynamic values at
elevated temperatures would be highly valuable for the ketoni-
zation reaction. Regarding energy integration and recupera-
tion, Table 6 shows that the heat transfer system recuperates
45% of the total thermal energy cost, significantly lowering the
net energy requirement.

Although no economic study is aimed in this work, we have
estimated the manufacturing cost of 1 ton bio-wax by taking
into account the input costs of PFAD, TiO,, N, and energy
(Table S37), as well as the catalyst separation, recovery and
associated losses.”*””” A varying TiO, price
€1000-15 000 per ton results in a bio-wax production cost of
€724-1136 per ton (Fig. S217) at constant prices for the other
inputs. The use of a selective, active and reusable heterogeneous
catalyst is thus important for the process economics as these
“back on the envelope” calculations reveal that the total ketone
bio-wax price is heavily influenced by the TiO, catalyst.

3.6. Environmental sustainability monitoring

The environmental impact of bio-wax production via ketoniza-
tion of fatty acids is studied twofold. First, the Green
Chemistry principles, the basis of all sustainability measures
of a chemical reaction, are evaluated to provide insights into
the atom efficiency and waste generation. If desirable scores
such as high atom economy and carbon efficiency are

Heating from 15 to 70 °C

Includes pumping

Includes heating to 350 °C and endothermic reaction enthalpy
Includes pumping, mechanical stirring and nitrogen venting®’
Recuperated thermal energy after reaction (cooling to 100 °C)
Includes cooling and heating circulation

Includes temperature losses of 2 °C during centrifugation and
pumping

Includes pumping and centrifugation step®”

With heat transfer integration

achieved, this is followed by a detailed cradle-to-grave life cycle
assessment, as this reflects a much broader impact of the pro-
posed technology on the environmental sustainability.
Certainly, promising Green Chemistry results do not necess-
arily guarantee products with low environmental impacts.
Conversely, renewable chemicals with low environmental
impacts should be obtained from chemical reactions with sat-
isfactory Green Chemistry scores.

3.6.1. Green Chemistry. The principles of Green Chemistry
can be summarized in the following working definition pro-
posed by Roger A. Sheldon: “Green Chemistry efficiently uti-
lises (preferably renewable) raw materials, eliminates waste
and avoids the use of toxic and/or hazardous reagents and sol-
vents in the manufacture and application of chemical pro-
ducts”.”® Afterwards, Anastas and Zimmerman reformulated
these principles from an engineering perspective. This
includes minimizing the consumption of fossil energy, waste
production and use of toxic auxiliaries, and incorporating
renewable energy generation.”® The use of catalysis to improve
selectivity and conversion rate is also highlighted. In this
study, the presence of the TiO, catalyst is essential for the for-
mation of wax ketones as we have observed no thermal ketoni-
zation of fatty acids.

Seven Green Chemistry measures were calculated for the
ketonization of PFAD (Table 7). The E-factor has a value of
0.15, meaning that 0.15 kg of “waste” (H,O, CO, and trace

betwegnsses) is produced per kg bio-wax. This value is very low com-

pared to typical E-factors of bulk chemicals (<1-5), fine chemi-
cals (5-50) and pharmaceuticals (25-100), while oil refining

Table 7 Overview of Green Chemistry results for the ketonization of
PFAD

Green Chemistry PFAD Ideal

parameter ketonization value Comments

E-factor 0.15 0  0.15 kg waste per kg
ketone wax

Atom economy % 89 100 High

Effective mass yield % 87 100 High

Mass intensity 1.15 1 Good

Mass productivity % 87 100 High

Carbon efficiency % 95 100 Very high

Reaction mass efficiency % 87 100 High



processes can achieve values lower than 0.1.”% The mass inten-
sity (MI) of the ketonization has a value of 1.15 (E-factor plus
1). Taking into consideration the ideal E-factor and MI values
of 0 and 1, respectively, it can be stated that the ketonization is
not wasteful nor mass intensive. This is in line with the reac-
tion equation, forming one molecule of CO, and H,O per two
fatty acid substrate molecules (regardless whether long or
short-chain reagents are used). This also implies that an
increase in substrate chain length will result in better scores
for atom economy and carbon efficiency measures. For PFAD
(predominantly C;6-C;3) this leads to a high theoretical atom
economy of 89% and an even greater carbon efficiency of 97%.
In contrast to this study, most ketonization research has
focussed on C-C coupling of short-chain carboxylic acids to
upgrade pyrolysis bio-oil towards fuels. For example, the
theoretical atom economy and carbon efficiency values for the
ketonization of acetic acid to acetone are 48 and 75%, respect-
ively, which are considerably lower than the scores of fatty acid
valorisation. This shows that critical selection of a suitable car-
boxylic acid feedstock is crucial. The effective mass yield of
bio-wax production reaches 87% and equals both the mass
productivity and the reaction mass efficiency since no solvent
is used in the liquid phase process. Minimizing or better yet
avoiding solvent use is indeed an effective strategy to lower the
environmental burden of a chemical reaction and process
scheme.

Overall, these results indicate that ketonization of long-
chain fatty acids is a chemical reaction with desirable Green
Chemistry measures. Because of these high atom economy
and carbon efficiency values, the necessary condition is met to
perform a detailed cradle-to-grave life cycle assessment. Here,
the broader environmental impact of the ketonization techno-
logy and final bio-wax product will be determined.

3.6.2. Life cycle assessment. Based on life cycle assess-
ments of other bio-based chemicals, such as linear alkylbenze-
nesulphonate and fatty alcohol sulphate surfactants from vege-
table oils,* and behenyl behenate ester from rapeseed oil,*'
the importance of expanding the system boundaries to a
cradle-to-grave approach is clear. This tends to be the most
reliable, comparable and representative system boundary.***>
In our comparative study, the cradle-to-grave system bound-
aries include extraction or harvesting of input resources, pro-
cessing to produce wax, end-of-life and the transport require-
ments between the different stages. This ensures that all emis-
sions are included and burden shifting across stages is
avoided. The begin-of-life phase for PFAD bio-wax coincides
with the cultivation of palm trees, while the extraction of fossil
oil is regarded as the begin-of-life stage for paraffin wax. The
end-of-life scenario is assumed to be incineration for both,
because the wax-coated products (i.e. wood panels, textiles etc.)
will ultimately be incinerated in all probability. This latter
assumption is also supported by recommendation of industry
experts.

As the gate-to-gate data (of the ketonization process) are not
yet optimized to the same degree as the paraffin benchmark
process, the up-scaled mass and energy balances in this study

may lead to greater environmental impacts for bio-wax than in
the case of optimized industrial implementation.
Nevertheless, this LCA aims to offer an insightful comparison
between fossil paraffin and bio-wax and to highlight the most
important areas that are determining the overall environ-
mental sustainability of such bio-wax products.

Flow diagrams and system boundaries. Fig. 3 shows the flow
diagram and cradle-to-grave system boundaries (orange dotted
line) of the fossil-based paraffin wax life cycle as studied in
this work. The production of conventional paraffins involves
numerous energy and solvent intensive steps in which crude
oil needs to be refined towards a clean, pure (white) paraffin
wax. In short, a small part of the vacuum distillate of the refin-
ery (from the middle trays) is sent to the base oil processing
unit where dewaxing of lube oil yields slack waxes.”® Today,
the most common technique is solvent dewaxing in which
organic solvents are used as diluents in 2-4 times excess.
These typically include methyl ethyl ketone (MEK), toluene,
dichloroethane, benzene, propane and acetone, some of them
which have potential adverse effects concerning human and
ecological toxicity and persistency. The vacuum distillate frac-
tion is washed with an excess amount of solvents and sub-
sequently cooled leading to the crystallization of slack wax,
which is a dark mixture of oil and wax. Due to the severe
dilution and cooling requirements, this step involves the
highest cost in the lube oil processing.®* To further de-oil this
slack wax, a solvent refining washing process with organic sol-
vents is performed to create two product fractions: the solvent
containing the oil, and the wax product with a small amount
of remaining solvent. This solvent is then removed from the
wax and recycled. In order to obtain the desired low oil
content, the de-oiling process may be repeated 2-3 times. To
eliminate unwanted odours and colours, the de-oiled wax is
further purified with activated clay in either a filter press or a
rotary drum. Removal of the last remaining impurities to
obtain refined paraffin wax requires additional energy-inten-
sive adsorption (using bleaching earth, activated carbon, silica
gel and bauxites) or chemical treatments such as hydrogen-
ations, oxidations, condensations, polymerizations, sulfona-
tions etc.>>®" Finally, the paraffin wax can be used in an
aqueous wax emulsion for hydrophobization of (wooden com-
posite) materials. Accordingly, the functional unit (FU) has
been defined as 1 kg of petroleum wax ready to use in a wax
emulsion product.

Fig. 4 illustrates the flow diagram and -cradle-to-grave
system of the PFAD bio-wax. It includes the cultivation (cradle)
of the palm oil bearing fresh fruit bunches (FFB) and all the
subsequent processing steps required to reach the gate of the
system, being refined palm oil PFAD (Experimental section
ESIt for more detailed description).®® After transportation of
PFAD to the designated ketonization plant, the main steps of
the process occur as outlined in sections 3.2-3.5. Besides
PFAD, the production of the N, and TiO, inputs have also
been included (detailed description in ESIf). Similarly to the
paraffin wax, the functional unit (FU) has been defined as 1 kg
of bio-wax ready to use in a wax emulsion product.
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Fig. 3 Flow diagram with system boundary (orange dotted line) of the paraffin wax life cycle starting from fossil oil extraction until the end-of life

incineration.

Base case LCA. The mass inventory of the base case scen-
ario for PFAD bio-wax is summarized in Table S4.f Here,
the partial retention of activity of the TiO, catalyst has
been taken into account, as well as product and catalyst
losses during process operation. As a result, the production
of 1 functional unit (1 kg bio-wax) requires 1.11 kg of
PFAD feedstock. To calculate the impact of the latter, the
production of refined palm oil was used as starting point.
Palm fatty acid distillate is a 4.5 wt% by-product of the
crude palm oil refining process, implicating that 1.11 kg
PFAD requires the production of 24.7 kg of RPO. In this
study, market prices of €600 and €770 were used per ton
of PFAD and refined palm oil (RPO), respectively.”>’® This
leads to an economic allocation factor of 3.41% for PFAD,
and the impact modelling factor for 1 FU equals 84.1% of
RPO (Table S5%).

The overall base case LCA results are shown in Table 8,
where all impact scores are expressed in terms of 1 functional
unit. For fossil paraffin wax, the climate change impact (CCI)
equals 2.83 kg CO, eq. per FU, which can be broken down into
more detail to investigate the importance and contribution of
the different stages in the life cycle (Fig. S227). The paraffin
production (1.09 kg CO, eq. per FU) and end-of-life (EoL)
incineration (3.13 kg CO, eq. per FU) would imply an overall
value of 4.22 kg CO, eq. per FU, which is 49% higher than the
tabulated value. However, it is important to include energy
recuperation as significant amounts of electricity (—0.69 kg
CO, eq. per FU) and thermal energy (—0.71 kg CO, eq. per FU)
can be recovered during the EoL incineration, reducing the net
carbon footprint of the overall fossil paraffin wax life cycle.

For the CCI of bio-wax, a distinction was made between
models which exclude and include biogenic carbon as a contri-
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Fig. 4 Flow diagram with system boundary (orange dotted line) of the bio-wax life cycle starting from PFAD as a by-product of palm oil cultivation
until the end-of life incineration.

butor to climate change, respectively. In the first model, which  during the end-of-life phase (carbon neutrality assumption).
is the most common methodology in LCA on bio-based pro- As a result, they are excluded from the analysis and the CCI of
ducts, the amount of CO, captured during crop cultivation via PFAD bio-wax is 2.57 kg CO, eq. per FU, 9.2% lower than the
photosynthesis is assumed to be equal to the CO, emission CCI of paraffin wax. In contrast, its CCI is 3.9% higher when



Table 8 Overview of the base case LCA results for 1 FU of fossil
paraffin wax (LCA,) and bio-wax (LCAy)

Fossil paraffin

Impact category wax Bio-wax
Climate change, excl. biogenic carbon ~ 2.83 2.57

[kg CO, eq ]

Climate change, incl. biogenic carbon ~ 2.83 2.94

[kg CO; eq ]

Freshwater consumption [m?] 0.0014 0.067
Freshwater eutrophication [kg P eq.] 1.04 x107° 5.72 x 107>
Human toxicity [kg 1,4-DB eq.] 0.24 0.88
Photochemical ozone formation, 5.75 6.19
ecosystems [kg NO, eq.]

Photochemical ozone formation, 3.57 3.84
Human Health [kg NO, eq.]

Terrestrial acidification [kg SO, eq.] 1.13x107° 7.93%x107°
Terrestrial ecotoxicity [kg 1,4-DB eq.] 0.26 2.19

biogenic carbon is included as a contributor to climate change
(2.94 kg CO, eq. per FU). The carbon neutrality assumption is
a hot topic in the field of LCA, sparking many debates on its
validity.*®*° It can significantly alter the LCA results, often
(wrongfully) reducing the impact of the bio-based products.
Excluding biogenic carbon as a contributor to climate change
may be valid in some cases, however. Specifically for palm cul-
tivation, it has been shown that CO, uptake and emissions
fluctuate as a function of the plantation age.*® While young
plantations act as net carbon emitters due to their lower
photosynthesis rates and higher soil emissions (often more
recent deforestation), mature plantations may reach a more
carbon neutral situation. Furthermore, the carbon neutrality
assumption is also heavily dependent on the geographical
location of cultivation (Malaysia in our case) and the associ-
ated land use change emissions originating from the conver-
sion of (primary/secondary) forest, grasslands, etc. into agricul-
tural land.*” For the specific case of Malaysia, this often con-
cerns land areas which were originally covered with primary
forest. Indeed, deforestation of these areas were and still are
contributing to land use change emissions. Lastly, the carbon
neutrality assumption may be specifically valid for short-lived
materials, while it may actually overestimate the CCI of a
product when the biogenic carbon remains captured in a long-
lived stable product. To avoid purposefully underestimating
the CCI of a bio-based product, we initially conclude that it is
not advisable to assume carbon neutrality.

A more detailed breakdown of the cradle-to-grave CCI of
PFAD bio-wax is presented in Fig. 5. The production of PFAD
(0.91 kg CO, eq. per FU) and the end-of-life incineration
(3.13 kg CO, eq. per FU) are the main contributors to climate
change. Regarding the in- and exclusion of biogenic carbon, it
is clear that the AEoL (3.13 kg CO, eq. per FU) and APFAD pro-
duction (2.82 kg CO, eq. per FU) values are not equal (ACCI of
0.31 kg CO, eq. per FU). The most important underlying
reason is the emission of biogenic gasses other than CO,,
which have a higher relative contribution to climate change. In
fact, 0.017 kg of biogenic methane is emitted during pro-
duction of 1 kg PFAD. This methane is typically released

during anaerobic open pond treatment of the palm oil mill
effluent (POME). As 1 kg of biogenic methane is equivalent to
approximately 25 kg of CO, (over 100 years), these methane
emissions contribute around 0.47 kg CO, eq. per FU. This
value is in good agreement with the ACCI of 0.31 kg CO, eq.
per FU, which also implies that when these biogenic methane
emissions can be avoided (see further), the impact on climate
change of PFAD bio-wax can be reduced significantly.

These breakdown results also show that the CCI values
linked to the total energy required for the ketonization reac-
tion (0.15 kg CO, eq. per FU) and the production of the TiO,
catalyst (0.07 kg CO, eq. per FU) are rather small, contributing
5% and 2.1% to the total impact, respectively. Due to the pio-
neering nature of this work, direct comparison of these carbon
footprints with comparable literature on ketonization is not
possible. However, the impact on climate change of the ketone
bio-wax is in the same order of magnitude as those of other
reported types of bio-based waxes. In one study, the environ-
mental impact of behenyl behenate (C44HggO,) ester originat-
ing from rapeseed oil was determined.®' The economic allo-
cation and cradle-to-grave approach resulted in CCI values of
1.9 and 3.7 kg CO, eq. per FU for the ester and paraffin wax,
respectively (with neutrality assumption). A second study inves-
tigated the cradle-to-grave carbon footprint for linear alkylben-
zenesulfonate (LAS, a surfactant) using petroleum, coconut oil
(CO) and palm kernel oil (PKO) derived paraffin.®® The cradle-
to-grave emissions reported for PKO and CO gave very similar
results for the bio-based LAS, viz. 1.93 and 1.89 kg CO, eq. per
kg LAS, respectively (mass allocation). These were 46.2% and
47.3% lower than petroleum-based LAS (3.58 kg CO, eq. per kg
LAS). However, these numbers omitted contributions from
land use change (LUC) and were calculated under the assump-
tion of biogenic carbon neutrality at the end-of-life.
Incorporation of LUC, for instance by the conversion of
primary and secondary forests, would lead to a significant
increase in emissions, resulting in 2.8 kg CO, eq. per kg LAS.

For the terrestrial acidification impact category, the pro-
duction of PFAD bio-wax is accompanied by 7.93 x 10~° kg SO,

[ incl. biogenic C
[ excl. biogenic C
Ketonization energy
Heat EoL
Electricity EoL

EoL Incineration

TiO2 Production

PFAD Production

Total Biowax

T T T T T 1

Climate change (kg CO2 eq./FU)

Fig. 5 Detailed breakdown of the CCI of PFAD bio-wax.



Table 9 Overview of hotspot analysis with associated contributions to
the LCA impact categories per FU

Hotspots (% contribution

per FU)
Impact category PFAD TiO, Incineration
Climate change, incl. biogenic carbon 31 2.2 59
[kg CO; eq ]
Freshwater consumption [m?] 95 3.7 0.67
Freshwater eutrophication [kg P eq.] 58 43 -3.3
Human toxicity [kg 1,4-DB eq.] 84 16 —-0.21
Photochemical ozone formation, 13 0.02 86
ecosystems [kg NO, eq.]
Photochemical ozone formation, human 13 0.02 87
health [kg NO, eq.]
Terrestrial acidification [kg SO, eq.] 102 16 -19
Terrestrial ecotoxicity [kg 1,4-DB eq.] 99 10 -9.4

eq. per FU, while the production of paraffin wax emits 1.13 x
107 kg SO, eq. per FU. When these values are broken down
for bio-wax, the production of both PFAD and TiO, are identi-
fied as the main contributors to this impact category. For
PFAD, this is due to the agricultural emissions during palm
cultivation (use of fertilizers), while for TiO, the mining of
ilmenite ore and the use and disposal of high quantities of sul-
phuric acid during the production process are the main
reasons (ESI).*® The eutrophication of freshwater bodies (FE)
is a well-known environmental problem that induces a cascade
of ecological impacts. The FE impact of bio-wax equals 5.72 x
107 kg P eq. per FU, while the FE value of paraffin wax is
lower at 1.04 x 10~° kg P eq. per FU. For bio-wax this mainly
originates from the production of the feedstock and catalyst.
The high impact on eutrophication of palm cultivation is in
line with expectations as it concerns an agricultural process
associated with the emission of nutrients through the use of
fertilizers. Electricity generation from brown coal mining,
ilmenite mining and thermal energy consumption are the
driving factors to explain the high FE contribution of the TiO,

Terrestrial Acidification [kg SO2 eq.]

Photochemical Ozone Formation, Human Health (kg NOx eq.]

Ozone F [kg NOx eq.]
Human toxicity [kg 1,4-DB eq.]

Terrestrial ecotoxicity [kg 1,4-DB eq.]

catalyst. Photochemical ozone formation (POF) arises from the
UV light-induced reaction of nitrogen oxides (NO,) with non-
methane volatile organic carbons (NMVOC). Incineration and
combustion processes for waste treatment and energy gene-
ration are often the main contributors to POF as these pro-
cesses can generate both NMVOC and NO,. As shown in
Table 8, the difference between bio-wax (10.03 kg NOx eq. per
FU) and paraffin wax (9.32 kg NOx eq. per FU) is rather small.
While paraffin and PFAD production are responsible for 0.6
and 1.1 kg NO, eq. per FU, respectively, the EoL incineration is
the life cycle step with the highest POF impact by far as it is
almost solely responsible for the remaining fraction of the
total POF impact category.

Hotspot and sensitivity analyses. The processes within the
LCA that contribute the most to the overall environmental
impact of the life cycle are defined as hotspots or weak points.
To identify these, a hotspot analysis was conducted with a
threshold of 10% (steps contributing more than 10% to a
certain impact category of the total life cycle). This analysis
resulted in the identification of three hotspots: PFAD pro-
duction, TiO, production and end-oflife incineration
(Table 9). These life cycle steps are to be prioritized when
aiming to reduce the overall environmental impact of the
cradle-to-grave life cycle. Additionally, a sensitivity analysis was
performed on the most important input parameters related to
these hotspots to gain further insight into their contributions.
The production of PFAD feedstock has a high impact for mul-
tiple categories, including climate change, freshwater eutrophi-
cation, human toxicity, photochemical ozone formation, ter-
restrial acidification and terrestrial ecotoxicity. The sensitivity
analysis shown in Fig. 6 depicts the difference in the overall
impact results when 110% of the base case scenario substrate
amount is required for the production of 1 FU. Practically, this
corresponds to the situation where the bio-wax yield of the
ketonization process is reduced by 10% due to incomplete sub-
strate conversion, product losses, etc. Clearly, the necessary
amount of fatty acid substrate is a sensitive parameter that

10% more TiO2
[ 10% more PFAD

Freshwater Eutrophication [kg P eq.]

Freshwater Consumption [m3]

Climate change, incl biogenic carbon [kg CO2 eq.]

o+

T T T T T
2 4 6 8 10

Relative difference in impact per FU (%)

Fig. 6 Sensitivity analysis on the use of PFAD and TiO, for the production of 1 functional unit.



heavily influences the total impact of the functional unit. This
emphasizes again that substrate choice is paramount, com-
bined with the development of an efficient and selective keto-
nization process. We have already shown the latter in sections
3.2-3.5 of this work, as full substrate conversion can be
reached with the expected stoichiometric amounts of H,O and
CO, as by-products next to the solid bio-wax (with a ketone
composition depending on starting substrate). As such, a scen-
ario which only requires 90% of the base case substrate
amount per FU is not possible in this case.

As a robust conclusion from this hotspot analysis of PFAD
production, it can be stated that palm cultivation and refining
are accompanied with large emissions to soil, air and water.
Therefore, these processes have high scores for multiple
impact categories. The cultivation and LUC emissions of
different forms of carbon (CO,, CH,;, NMVOC), phosphorus (P
and PO,’"), nitrogen (NO>~, NO*~, NH;, NO,, N,0...) and pesti-
cides play an important role in determining the impact of the
final bio-wax product. To reduce the overall environmental
impact of ketone bio-waxes for these impact categories, the
development of more sustainable agricultural processes is
required in the future. For example, more efficient use of
water, fertilizers, herbicides, pesticides and increased utiliz-
ation of renewable energy sources are advised.

The production of the TiO, catalyst is the second hotspot in
the overall life cycle of ketone bio-wax, with high contributions
to freshwater eutrophication, human toxicity, terrestrial acidifi-
cation and ecotoxicity (Table 9). The sulphate process requires
20.4 MJ kg™ TiO, of thermal energy and 4.66 MJ kg™ TiO, of
electricity. A part of this energy is generated via brown coal
mining and other polluting pathways, which implies impacts
on climate change, freshwater eutrophication, terrestrial acidi-
fication and toxicity. Furthermore, attention needs to be given
to the use and disposal of large quantities of sulphuric acid.
Indeed, 1 kg TiO, requires 2.38 kg of sulphuric acid and gener-
ates around 3.85 kg of gypsum waste.*® The environmental
footprint of titanium dioxide therefore strongly depends on
the geographical location, type of manufacturer, mining con-
ditions, extraction technologies, energy efficiencies, etc. to
convert the raw materials into functional catalysts. To further
investigate its influence on the environmental impact of bio-
wax, a sensitivity analysis was carried out which examines the
difference in overall impacts when 10% more TiO, is required
for the production of 1 functional unit (Fig. 6). Practically, this
may imply a scenario where the catalytic activity of TiO, is
reduced. The presented results suggest that the catalyst
loading is a sensitive parameter, considering that an average
value of 0.029 kg TiO, is required to produce 1 kg bio-wax
(Table S4t). Oppositely, this also implicates that a decrease of
10% in catalyst loading can lead to a reduction of the overall
impacts of the bio-wax product. Regarding catalyst production,
manufacturers should aim on reducing the total energy
requirement, as well as incorporating the use of more renew-
able energy sources. Furthermore, more efficient use and re-
cycling of reagents such as sulphuric acid, in combination
with reduction of waste generation, can contribute to lower

environmental impacts for TiO,. For the ketonization process
in particular, careful economical management (use and reuse)
and further optimization of performance (activity and stability)
of the titanium dioxide catalyst is recommended to decrease
the overall environmental impact of the bio-wax product.
Additionally, improved activity and stability of the active
material can also greatly benefit the overall economics of the
ketonization process by reducing the catalyst cost, as discussed
in section 3.5.

The end-of-life incineration is the third hotspot of the bio-
wax life cycle due to its very high contribution to climate
change and photochemical ozone formation (Table 9). In con-
trast, the thermal energy and electricity that are recovered
during this step lower the net cradle-to-grave impacts for fresh-
water eutrophication terrestrial acidification and terrestrial
ecotoxicity. These results show that the production of durable
and stable long living materials is crucial, together with selec-
tion of the most suitable end-of-life phase. In this regard,
efficient recycling of both mass and energy contents is vital at
this end stage (circular economy), since it can heavily influ-
ence the true cradle-to-grave impacts of a product.

As shown in this work, the hotspots of LCA;, of PFAD are
mainly located outside the gate-to-gate boundaries (ketoniza-
tion process). This also emphasizes the importance of choos-
ing representative system boundaries in line with the goal and
scope of the LCA study. When one wants to solely evaluate the
environmental impact of a technological process, a gate-to-
gate scenario can be used. However, when the aim is to assess
the overall environmental impact of bio-based product such as
wax, a cradle-to-grave approach is required.

Scenario analyses. So far we have selected very strict con-
ditions for the base case LCA scenario to avoid any underesti-
mation of the environmental impact of the PFAD bio-wax. As
discussed at the start of this section, the specific cultivation
system of palm could have a significant influence on the LCA
outcome. Therefore, we have analysed different scenarios to
gain a broader understanding on this subject in order to for-
mulate informed advices (Fig. 7).

First, a scenario was included where PFAD does not lead to
LUC emissions. At 0.38 kg CO, eq. per FU, this scenario equals
a 87% reduction of the base case scenario and results in a 7.4
times lower CCI than paraffin wax. For this specific case, the
contribution of PFAD production is —1.7 kg CO, eq. per FU
(including biogenic carbon), which means that the biomass
cultivation step acts as a net carbon sink. The importance of
taking the correct LUC emissions into account, if necessary, is
emphasized by this scenario. In this context, a study by Flynn
et al. calculated LUC emissions of the top 20 palm oil produ-
cing countries (Table S67).*° Here, the value of 27.9 ton CO,
eq. per ha per year for Malaysia is the highest of all, along with
the annual LUC emissions of Indonesia (26.9 ton CO, eq. per
ha). It is clear that cultivation of palm oil with equally high
yields in areas with less tropical forest as natural vegetation
can lead to a direct reduction of emissions. In these cases the
total CCI of PFAD production and the resulting ketone bio-wax
can be significantly reduced (>50%). This also clearly indicates
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Fig. 7 Comparison of the impact on climate change (kg CO, eq. per
FU) of PFAD bio-wax for different scenarios.

that, depending on the specific biomass feedstock choice for
ketonization, critical selection of the right life cycle inventory
data is essential to perform a reliable LCA.

The second scenario is related to the biogenic methane
emissions during anaerobic open pond POME treatment
(0.47 kg CO, eq. per FU), as introduced at the beginning of
this section. Incorporation of a POME treatment step that uti-
lizes anaerobic digestion in a closed system is a new and
recent trend in the palm oil industry to reduce greenhouse gas
emissions and other environmental burdens. Its benefits go
beyond the mere reduction of biogenic methane emissions
and the associated climate change impact.””" It avoids local
environmental burdens associated with POME discharge for
example, while the produced biogas can be used as a renew-
able energy source. For this scenario, the biogenic methane
emissions have been tracked and used for thermal energy pro-
duction from the captured biogas (description in ESIt). For
this scenario, the CCI impact of PFAD bio-wax is reduced from
2.94 to 2.50 kg CO, eq. per FU, which is a 15% reduction and
12% lower than the CCI of fossil paraffin wax. Controlled treat-
ment of POME is advised due to its potential to develop a
more sustainable feedstock, and as a direct consequence more
environmentally friendly bio-waxes.

Thirdly, a mass allocation scenario was included based on
the mass flows of the crude palm oil refining process. This
allocation method is often used in LCA studies and distributes
the environmental impact among products solely on a mass
basis, without taking their economic values into consideration.
The mass allocation factor of PFAD is 4.5%, which results in a
scenario with a CCI of PFAD bio-wax of 3.23 kg CO, eq. per FU,
which is 9.8% higher than in the case of economic allocation
(Fig. 7).

As discussed in section 3.3, hydrogenation of PFAD can be
performed prior to ketonization when the target application
requires a bio-wax with very high saturated ketone content (up
to 96%). While it has already been reported that the climate
change impact of hydrogenation is very low during saturated

fatty acid production,®" this scenario was included in our ana-
lysis. Taking into account the climate change impacts of the
hydrogenation conditions (thermal energy), H, and hydrogen-
ation catalyst, a total CCI value of 3.10 kg CO, eq. per FU was
calculated for the hydrogenated PFAD wax (ESI, Table S77). As
such, the presented process also allows flexibility depending
on the desired final product, with only a minimal (5%)
increase of the total global warming potential (without consid-
ering hydrogenation economics).

A scenario including off-gas incineration was considered
due to the presence of (trace amounts of) methane, which is
approximately 25 times more potent as GHG over 100 years
than CO,. The difference in CCI between off-gas emission and
incineration is only 0.003 kg CO, eq. per FU, which is 0.1% of
the total impact. In this case, there is no potential for further
emission reduction since the absolute amount of methane in
the off-gas is very so low.

To conclude this section, the difference in product lifetimes
of the paraffin and bio-waxes can also be considered. As
shown in section 3.4, the ketone bio-waxes have the potential
to replace the current fossil benchmarks in hydrophobization
applications. While the chemical structures of the long-chain
ketones and alkanes are very similar, the presence of C=0O
(and C=C and COOH in case of unsaturated ketonization sub-
strates) could lead to a scenario with a difference in wax life-
time between both products, depending on the target appli-
cation. This is presented in Fig. S23,T where the CCI of bio-wax
was calculated for bio-wax lifetimes ranging between 10-200%
compared to the lifetime of paraffin wax. The respective
carbon footprint values range between 29.4-1.47 kg CO, eq.
per FU, showing the importance of sufficient bio-wax lifetime
to obtain a competitive CCI value. Regarding the latter, we
have already shown the desirable thermal stability of the PFAD
bio-wax under oxidative conditions, which was similar to that
of commercial paraffin wax for hydrophobization purposes. On
the topic of biodegradability and the negative effect of product
littering on the environment, the presence of chemical func-
tionalities in the ketone bio-waxes can be advantageous com-
pared to the current fossil benchmarks due to faster and more
complete degradation although the information on these
topics is still rather scarce. For instance, according to the
European Chemicals Agency (ECHA) database, the stearone
ketone is classified as not readily biodegradable in water
(39-46% degradation in 28 days), but with low potential for
bioaccumulation in organisms.® For the fatty acid dimer side
products, no bioaccumulation risk is observed, while they are
classified as not rapidly biodegradable (<10% in 28 days).>* In
comparison, the ECHA database cites 31% degradation of
paraffin waxes in water after 28 days.* Others have found half-
life values of 2-12 days for C;y-C;e alkanes in seawater.’®
Various studies have shown that the biodegradation rates of
hydrocarbons may vary significantly depending on compo-
sition, test methodology and environmental conditions.”®®”
For both the ketone and paraffin waxes, prediction of biode-
gradability or bioaccumulation based on chemical compo-
sition is even more complex due to the heterogeneous nature



of the mixtures. In future research, both long term application
testing as well as biodegradability studies could shed new light
on these topics for the ketone bio-waxes. However, based on
the thermal stability tests, molecular structures and current lit-
erature, it is reasonable to assume satisfactory stability and
biodegradability characteristics for the bio-waxes in relation-
ship to the current paraffin benchmarks.

Carbon footprint of ketone bio-waxes originating from other
fatty acid feedstock. While this study has mainly focussed on
the ketonization of PFAD, other fatty acids can also be con-
verted with high product yields of waxy ketones (Table 5 and
Table S11). Because feedstock is one of the major hotspots of
the PFAD bio-wax life cycle, the aim of this paragraph is to
assess the potential CCI of ketone bio-waxes originating from
other commercially available fats and oils. For this purpose, lit-
erature data is used. It is evident from our results that the
scope, goal, definition and methodology will determine the
absolute LCA outcome. As such the largest challenge lies in
the availability of literature that uses a similar methodology
for the impact of oil and fat production.

A LCA study was published on five commercial plant oils
that rank in the global top six of largest vegetable oil pro-
duction volumes, being palm, soybean, rapeseed, sunflower
and peanut 0il.”® Here, LUC emissions were included while a
consequential rather than attributional model was applied.
Regarding the CCI (including biogenic carbon) values of the
feedstock, the author found 2.02, 2.02, 0.26, 0.76 and 4.72 kg
CO, eq. per kg refined oil for palm, soybean, rapeseed, sun-
flower and peanut, respectively. In another recent study, life
cycle inventory data of bio-based surfactants and their
biomass precursors were published, which included refined

Climate change, incl biogenic carbon (kg CO2 eq./FU)

| | | |
Paraffin PFAD Palm Soybean

Fig. 8 Prediction of CCI (including biogenic C) of bio-waxes obtained by ketonization of vegetable oils and animal fats.

Rapeseed Sunflower Peanut oil

palm kernel oil (3.27 kg CO, eq. per kg), refined coconut oil
(=1.94 kg CO, eq. per kg) and beef tallow (—1.53 kg CO, eq.
per kg).”® These data were used to calculate predicted CCI
values of their respective ketone bio-waxes synthesized by our
process (description in ESI}). A “theoretical” fatty acid waste
stream was also incorporated into our results, for which the
CCI of the cultivation or pre-ketonization stage is set to zero.
This approach is based on the guidelines of the International
Reference Life Cycle Data System (ILCD) by the Joint Research
Centre (JRC) of the European Commission.'®® For waste
materials (negative market value), the impact of the first life
cycle and following treatments should not be included into the
second life cycle up to the point where a positive market value
is generated. These waste streams can include any vegetable or
animal based products which have no or limited application
for the production of chemicals. Some examples which may be
interesting for future ketonization purposes include used
cooking oils, non-food fatty acid side streams and (category 1
and 2) residual animal fats."**

As shown in Fig. 8, the predicted CCI values (including bio-
genic carbon) of the bio-waxes vary between —0.07 and 7.26 kg
CO, eq. per FU. In this case, bio-waxes originating from
refined rapeseed and coconut oil, as well as from waste
streams and beef tallow have a lower CCI than paraffin wax
(2.83 kg CO, eq. per FU). While we have shown in this work
that the CCI of PFAD bio-wax can be reduced significantly, the
base case scenario was used for comparison here. In an ideal
scenario, biomass substrates are chosen which are net carbon
sinks and thus have a negative CCI value for the cultivation/
pre-ketonization stage. Both our work and that of others®
have shown that this heavily depends on the absence or pres-

Palm kernel Coconut Beef tallow

Waste

90,91



ence of LUC emissions for vegetable oils, evidenced again by
the coconut oil literature example here. If such a feedstock
choice is not possible, the use of waste streams (zero impact)
can significantly reduce the carbon emissions of bio-wax
ketones (up to at least 27% lower than that of fossil paraffin
wax).

4. Conclusion

In this first-of-its-kind study, we have shown the solvent-less
liquid phase ketonization of commercial biomass fatty acids to
C,3-C3s5 ketones with a high surface area Lewis acid TiO, cata-
lyst. Due to the high activation energy and endothermic reac-
tion enthalpy, full substrate conversion requires temperatures
around 350 °C. Continuous removal of CO, and H,O by-pro-
ducts from the reaction medium has a substantial positive
effect on the conversion rate. With no treatment, the catalyst
can only be partially reused due to loss of activity that is attrib-
uted to the loss of active surface area, coke formation and sin-
tering of the active material. The degree of substrate unsatura-
tion has a significant impact on the reaction selectivity, with
the presence of oleic and linoleic acids also driving the for-
mation of fatty acid dimer side products, but this had no
adverse effect on the bio-wax wood hydrophobization property.
Prior hydrogenation of the unsaturated feedstock was shown
to result in saturated bio-waxes with very high ketone content
(>95%), which is of use when higher purities are required.

Based on the lab scale ketonization results, an integrated
process scheme was designed for ketone bio-wax production
from fatty acid feedstock. This design includes mass and
energy balances for all relevant steps and starts from substrate
unloading to final product storage. Due to full utilization of
the starting material and final solid bio-wax product, only TiO,
catalyst and N, are necessary additional mass inputs. From the
total energy balance, it can be concluded that the ketonization
reaction is the most energy intensive step, while heat inte-
gration and recycling can significantly reduce the net energy
demand of the entire process. The ketone bio-wax originating
from palm fatty acid distillate was tested as hydrophobization
agent for wood composite materials in an aqueous wax emul-
sion application. Compared to previously synthesized ketone
bio-waxes and the current benchmark fossil paraffin waxes,
similar or better water repellence properties were achieved.
Furthermore, TGA analysis showed its good thermal stability,
showing potential to replace the current fossil based standards
in this kind of application.

Next, a combined Green Chemistry and LCA study was
carried out to evaluate the environmental impact of the PFAD
bio-wax life cycle, showing that the ketonization of long-chain
fatty acids exhibits excellent atom economy and carbon
efficiency values. This led us to further perform a detailed
comparative cradle-to-grave life cycle assessment to determine
the broader environmental impact of the bio-wax product. A
hotspot and sensitivity analysis identified and evaluated three
hotspots for the ketone bio-wax life cycle: substrate cultivation,

catalyst production and end-of-life wax incineration. These
aspects are to be prioritized when targeting an overall impact
reduction of the entire cradle-to-grave life cycle.

Different scenarios were analysed for PFAD based bio-wax,
which show the sometimes dramatic impact of multiple
aspects of the agricultural process (geographical location of
cultivation, land use change emissions, waste treatment, pro-
duction efficiency, use of fertilizers, etc.) on the overall impact
results. Specifically for PFAD based bio-wax, the CCI values
vary between 0.39-3.23 kg CO, eq. per FU, which equates to a
87% reduction up to a 16% increase compared to the CCI of
fossil paraffin wax (2.83 kg CO, eq. per FU). Both hydrogen-
ation pretreatment and off-gas incineration scenarios showed
no significant impact on the total CCI of bio-wax.
Furthermore, the CCI of other commercial fatty acid feedstock,
ranging from —0.07 to 7.26 kg CO, eq. per FU, were calculated
based on analysis of available literature data. Valorisation of
suitable vegetable oils and animal fats via ketonization may
significantly reduce the carbon footprint compared to paraffin
wax, whereas careless selection may yield substantial CCI
increases. Ideally, biomass substrates (including waste
streams) with negative CCI values for the pre-ketonization
stage are chosen.

Finally, further catalytic research into improving the ketoni-
zation reaction rate and TiO, catalyst reusability may yield sig-
nificant improvements in reducing multiple environmental
impacts. Regarding catalyst synthesis, manufacturers should
aim on reducing the energy requirement, using more renew-
able energy sources and more efficient use and recycling of
high impact reagents such as sulphuric acid.
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