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Introduction

Process intensified lauric acid self-ketonization
and its economic and environmental impact on
biolubricant base oil productiont
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Lubricant base oils, traditionally derived from non-renewable petroleum, contribute significantly to green-
house gas emissions. In contrast, oils sourced from furfural and long-chain ketones through aldol con-
densation and hydrodeoxygenation present a renewable, cost-effective, and environmentally friendly
alternative, offering superior cold flow properties. However, the production of long-chain ketones, a
crucial component, currently relies on solvent dewaxing in refineries, which is costly and non-selective.
One promising biobased approach involves self-ketonization of long-chain fatty acids derived from
coconut or palm kernel oils. This method typically employs high boiling point solvents like dodecane or is
done in a batch configuration, limiting its scale and industrial viability. This study addresses this bottleneck
by eliminating solvents, transitioning to a continuous flow reactor, and achieving kilogram-scale pro-
duction of long-chain ketones with exceptional selectivity (90%). The lab-scale setup can yield up to
25 kg of 12-tricosanone per month, utilizing earth-abundant MgO as a catalyst. The catalyst underwent
slight deactivation due to carbonate formation. Catalyst stabilization, using mixed metal oxides, and
regeneration via simple calcination in air are also discussed. Techno-economic analysis (TEA) indicates a
29% lower minimum selling price than the commercial synthetic poly alpha olefin (PAO). Life cycle assess-
ment (LCA) evaluates the global warming potential (GWP) under different environmental assumptions.
Under the carbon-neutral assumption for lauric acid production, an 8.9% reduction in GWP was achieved
compared to petroleum-based lubricants.

cal upgrading of petroleum-derived olefins, e.g., oligomeriza-
tion of 1-decene to poly alpha olefins (PAO).

Lubricants are an indispensable part of the contemporary
economy." By 2025, the lubricants market is projected to be
worth $166.25 billion, a notable increase from the $47 billion
recorded in 2016.> This growth and valuation stems from
increased global demand in the aviation, industrial, and auto-
motive sectors. Base oils occupy between 75-90% of a lubri-
cant’s formulation." The API (American Petroleum Institute)
classifies mineral oils into five categories (groups I-V). Groups
I-1II are obtained from the refining, distillation, or hydro-pro-
cessing of petroleum. Group IV oils are obtained from chemi-
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Group IV oils are of the highest quality.” Their synthesis uti-
lizes corrosive catalysts (AICl;, BF;, and HF), resulting in toxic
waste streams and higher separation costs.** This produces
oils with a wide range of carbon chain numbers. Low-mole-
cular-weight, high-volatility hydrocarbons cause oil thickening,
necessitating constant replacement.® The limitations of pro-
duction and longevity motivate further development of base
oils with minimal environmental impact.”

Synthesizing base oils from bio-based feedstocks can miti-
gate these challenges.””® Balakrishnan et al. introduced a two-
step process by condensing biomass-derived ketones and
hydrodeoxygenating to synthesize new base oils.” Alternatively,
hydroxy alkylation/alkylation (HAA) followed by hydrodeoxy-
genation can successfully synthesize base oils from furfural,
5-hydroxy methyl furfural, alkyl furans, and levulinic acid."*™"*
These synthesis strategies are promising due to the abundance
of oxygenates in biomass resources, the low pour point, and
their suitable molecular weights (C,¢,) with flexible molecular
architecture and narrow molecular weight'* that limit the need

This journal is © The Royal Society of Chemistry 2024
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for frequent replacement. The bio-oils exhibit competitive or
superior properties to the industrial PAO group IV base oils.
However, the alkyl furans and long-chain aldehydes drive the
minimum selling price 15% higher than the commercial PAO.
Norton et al. synthesized base oils from 12-tricosanone and
furfural, as shown in Scheme 1, a detailed version is given in
Scheme S1.1 Huang et al. have recently used similar chemistry
to couple HMF, furfural and phenolics, leading to C;g fuel
additives.'® In Norton et al.’s work,'® Furfural and 12-tricosa-
none undergo aldol condensation to form Cj; furan intermedi-
ates, which are then hydrodeoxygenated to branched Cs;
alkanes. The economics of this pathway has not been assessed.
Furfural is commercially produced from hemicellulose, but a
large-scale biobased route of long-chain ketones, such as
12-tricosanone, does not exist. Currently, these ketones are
produced through solvent dewaxing in petroleum refineries."”
Solvent dewaxing produces a mix of ketones, limiting their
applicability for base oil synthesis, and is capital-intensive,
generating a large amount of waste."®'® Considering the
annual global consumption of approximately 42 million tons
of lubricants and the substantial demand for 12-tricosanone,
an alternate synthesis route for 12-tricosanone is imperative.
One sustainable production pathway to ketones is the self-
ketonization of long-chain fatty acids derived from coconut
and palm kernel oils. Ketonization is an established irrevers-
ible C-C coupling reaction.”® It has been demonstrated for
various substrates”® using heterogeneous, environmentally
friendly catalysts®**® making different products, including jet
fuels, precursors for branched-chain lubricants, and bio-
waxes.”**® Most studies on ketonization reactions often utilize
a high boiling point solvent, significantly increasing separ-
ation costs and emissions from distillation. Furthermore, keto-
nization is also conducted in batch systems unsuitable for
scale-up.’®?°*! Long-chain fatty acids’ viscous nature and
high melting points make solventless flow reactors trouble-
some. Due to these factors, the scaled-up production of 12-tri-
cosanone through lauric acid self-ketonization, shown in
Scheme 2, is still nascent. Corma et al. attempted a continuous
flow setup, but high yields of the self-ketone were only
obtained in a trickle flow of lauric acid (0.05 g min™") at a low
weighted hourly space velocity (WHSV) of 0.025 min *.*?
Consequently, scaling up 12-tricosanone via self-ketonization
of lauric acid in a flow system could advance this technology."®
Here, the feasibility of kilogram-scale production of 12-tri-
cosanone from lauric acid over a commercial MgO catalyst is
demonstrated. Most notably, reactions were conducted without

o
Rl\)J\/ £

AC[OH]

Ry Ry

:
0,
O

Scheme 1 Synthesis pathway for performance-enhanced lubricant
base oils (R; = Cy).
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Scheme 2 Self ketonization of lauric acid to 12-tricosanone.

a solvent, addressing a significant bottleneck in commercializ-
ing this chemistry. Reaction conditions were optimized in a
batch system before shifting to a centimeter-scale flow reactor
and then to a larger tube reactor capable of kilogram-scale pro-
duction. The impact of process intensification on the
minimum selling price (MSP) and global warming potential
(GWP) of lubricant base oils was also assessed. The acquisition
of commercially available 12-tricosanone increases the MSP of
bio-base oils by 81%. However, the synthetic route presented
in this work makes these oils 29% cheaper than the average
commercial base oil. Life cycle analysis (LCA) also shows that
under the carbon-neutral assumption for lauric acid pro-
duction, the biobased route could lower CO, emissions by
8.9% than the petroleum-derived alternative.

Experimental methods
Batch reactor

All batch ketonization reactions were conducted in a 100 ml
high-pressure Parr reactor. Appropriate amounts of lauric acid
and metal oxide catalyst were placed in a glass liner with a
magnetic stir bar. The reactor was then purged three times
with N,, pressurized with N,, and heated to reaction tempera-
ture. After a specified reaction time, it was quenched in an ice
bath. Experiments were conducted in duplicate, with devi-
ations below 5%.

Product analysis

For batch and flow reactions, the products and remaining reac-
tants were dissolved in chloroform, and the compounds were
identified using a gas chromatogram mass spectrometer
(GCMS) equipped with a DB-5 column and quantified with a
gas chromatogram with a flame ionization detector (GC-FID)
fitted with an HP-1 column, calibration curves were prepared
for lauric acid (Fig. S1t) and 12-tricosanone (Fig. S27). For the
HP-1 column, an initial oven temperature of 40 °C was held
for 5 min. In the next step, the temperature was ramped at
15 °C min™" until it reached 300 °C and held at 300 °C for
5 min. For the GCMS system, an initial oven temperature of
40 °C was maintained for 4 min. The temperature was then
ramped at 20 °C min~" until it reached 300 °C and held at
300 °C for 5 min. 'H and '*C NMR spectroscopy (Bruker
AV400, CDCl; solvent) was also used to verify 12-tricosanone.
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Centimeter-scale flow reactor

A high-pressure syringe pump (Chemyx fusion 6000) with a
high linear force rating (700 1b) was used to flow lauric acid
through the system illustrated in Fig. 1. The reactor was con-
structed using a 12 cm long SS (stainless steel) tube with an ID
of 5 mm. All the connections and fluid lines were made of 316
SS material. A back pressure regulator (Equilibar) in the
effluent line prevented the vaporization of lauric acid at higher
reaction temperatures. The temperature in the inlet and outlet
lines was maintained using heating tape wrapped in insulation
and aluminum foil connected to variable autotransformers.

The flow reactor was packed with about 1 g of pelletized
commercial MgO catalyst, as shown in Fig. S3.1 Catalyst par-
ticles were pelletized using 1 inch 1.D. hydraulic press die at a
force of 2.5 metric tons for 2 min and sieved uniformly
(125-180 pm). We packed the column with 100 mg quartz wool
and 0.5 g glass beads to hold the catalyst in place and main-
tain a steady flow. Experiments were conducted in duplicate,
with deviations less than 5% between them.

Scale-up flow reactor

The same syringe pump, heating and insulation method, and
back pressure regulator were used for the kilogram-scale
reactor. All connections and tubing were constructed of 316
SS. The reactor tube was 30 cm long and 1.25 cm in ID. The
column was encased in a heating mantle and calibrated at the
desired reaction temperature.

The reactor column was packed with 10 g of pelletized
(125-250 pm) commercial MgO catalyst. Trial runs with an
inert solvent (chloroform) resulted in a high-pressure drop
along the bed (400 psi), and the syringe pump stalled repeat-
edly. The higher-pressure drop was expected due to the
increased length of the bed. Based on Ergun’s equation, the
catalyst particle size was increased to 425-500 pm. The bed
was re-constructed using the catalyst and silica beads ina 1:1

Temperature
Measurements

View Article Online

Green Chemistry

ratio to mitigate the pressure drop (Fig. S4at). The column was
packed with 1 g quartz wool and 5 g glass beads to keep a
steady flow. Lauric acid was heated to 150-200 °C to maintain
flow.

Due to the heated tubular reactor, a vertical temperature
gradient along the column is expected. To obtain a steady
temperature gradient, the reactor was heated for 3 h, and then
the temperature at different points along the vertical column
was measured using a thermocouple inserted at the top using
a bore-through fitting. As shown in Fig. S5,1 a 6-7 cm isother-
mal region was identified close to the center of the reactor,
with the temperature decreasing at each side away from the
central zone. The catalyst bed was placed in the isothermal
region during regular reactor operation.

The system was calibrated for lauric acid flow rate using the
configuration depicted in Fig. 2. Heating tape and multilayered
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Fig. 2 Picture of the scaled-up reactor.
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Illustration of the constructed centimeter-scale flow reactor set-up.
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insulation were used to maintain a 150-200 °C temperature in
the outlet lines. Pressure gauges were installed at the inlet and
outlet to measure the pressure drop across the reactor. The
reactor was packed with quartz wool for flowrate measure-
ments, and inert silica beads were used to simulate the catalyst
particles, as shown in Fig. Sé6a. The flow rate calibrations are
given in Fig. S6b;} this data demonstrates the system is leak-
free.

Preparation of doped metal oxide catalysts by co-precipitation

Doped metal oxide catalysts Mg;Al;0,45 and Ce, 1Mg3Al 90, 5
were prepared using co-precipitation.®® The corresponding
hydrated salts of each mixed metal oxide were first dissolved
in DI (de-ionized) water. A basic solution of 1M NaOH was also
prepared to precipitate out the metals. Both solutions were
added dropwise to another beaker containing 100 ml of DI
water. The amount of NaOH solution was adjusted to keep the
pH between 8 and 9. The colloidal solution was placed in an
oil bath and heated at 80 to 90 °C for 8 h. The precipitate was
then dried in an oven overnight in air. The resulting powder
was calcinated in air at 600 °C for 3 h to burn off any
impurities.

Preparation of mixed metal oxide catalysts by impregnation

MgO/SiO,, MgO/Al, 03, and MgO/ZrO, were prepared through
wet impregnation using Mg (NOs),-6H,0 dissolved in DI water
as the metal precursor. The loading of MgO was 10 wt%. The
salt solution was added dropwise onto the selected support
over a hot plate. After impregnation, all catalysts were dried in
an oven overnight to remove the excess water and calcined at
600 °C for 3 h in air.

Catalyst characterization

X-ray diffraction spectra (XRD) were obtained using an X-ray
diffractometer (Bruker D8) with Cu Ka radiation (4 =
1.54056 A) at 40 kV and 40 mA. The surface areas reported
were measured using N, physisorption at 77 K using a
Micromeritics ASAP 2020 Brunauer-Emmett-Teller (BET)
Analyzer. Thermogravimetric analysis (TGA) was performed
with a TA Q600 TGA/DSC instrument with a ramp rate of 20 °C
min~" in air in a temperature range of 20 to 800 °C. Fourier
transform infrared (FTIR) data was collected with a Thermo
Fisher FTIR/ATR by scanning the sample from 400 to 4000 nm.
X-ray fluorescence (XRF) of the post-reaction solutions was col-
lected and analyzed using a Rigaku Supermini 200 WDXRF
machine to detect the presence of Mg>" ions.

For spent catalyst characterization at the batch scale, the
reaction solution was decanted into 50 ml polypropylene tubes
and centrifuged for 10 min at 10 000 rpm. The solid residue
was collected and washed several times with chloroform due
to its high volatility and ability to solubilize organic material.
The recovered catalyst was then dried in an oven at 100 °C over-
night. The catalyst was then analyzed through XRD, FTIR, and
TGA.

This journal is © The Royal Society of Chemistry 2024
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Aspen Plus process simulation

The process was simulated using experimental results from
this study and literature data'® using Aspen Plus V12.0.>* The
liquid-liquid and vapor-vapor interactions were predicted
using the nonrandom two-liquid (NRTL) method. Data for
most compounds was available in the Aspen database.
Chemicals unavailable in the database were defined using
their molecular structure and boiling points.>® The missing
parameters were estimated using the Aspen Plus Property
Constant Estimation System (PCES) or NIST Thermo Data
Engine (TDE).>**” The TDE software predicts thermodynamic
and transport properties based on dynamic data evaluation.
The Rstoich reactor model was used. The rest of the lubricant
base oil production was based on a previous study. The reac-
tion conditions are shown in Table 1.

Technoeconomic analysis (TEA)

The capital and operating costs were estimated using the
Aspen Process Economic Analyzer (APEA) V12.0. Heat inte-
gration was considered to reduce energy, utilizing the Aspen
Energy Analyzer V12.0. The economic evaluation was con-
ducted based on the discounted cash flow analysis.*® The
number of years for analysis was 20, and the payout time was
10 years. The MSP for lubricants was determined such that the
net present value (NPV) is zero at payout time. The cost of cata-
lyst recovery was not considered. The economics was compared
with the HAA reaction pathway.

Life-cycle assessment (LCA)

The Ecoinvent 3.9.1 database®® was used for LCA. The system
boundary was defined using “cradle-to-gate” criteria, which
accounts for biomass growth, extraction,
upstream utility generation, and the lubricant production
process. The boundaries for LCA analysis are illustrated in
Fig. S7.t The Tool for the Reduction and Assessment of
Chemical and other Environmental Impact (TRACI)*° was used

raw material

for environmental impact assessment. The GWP was chosen
as the environmental metric. Mass allocation was used to
share the burden of production. For biomass-based pro-
duction of furfural and lauric acid, carbon is absorbed during
plant growth.*>*" Biomass-based furfural is mainly produced
from corn cob, and its carbon sequestration effect is estimated
based on previous literature.**> Palm oil was the primary source
of lauric acid production.**™*' The carbon sequestration of
lauric acid production from palm oil depends on the land use
change (LUC) by converting natural forests or other land types

Table 1 Reaction conditions and yields

12-Tricosanone  Aldol
Reaction production condensation  Hydrodeoxygenation
T (°C) 365 80 180
P (bar) 1 1 50
Catalyst MgO [OHT] Ir-ReO,/SiO,
Yield (%) 93 94 61

Green Chem., 2024, 26, 8818-8830 | 8821
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to plantations.*” The effect of LUC depends on planning, gov-
ernance, and agricultural management.”> For example, a
carbon neutral assumption was invoked for the plantation
sequestration, emitting 1.7 kg CO,. per kg lauric acid.** A
strong net carbon sequestration effect was found for oil palm
plantations compared to forest.’® In this work, we use a
carbon-neutral assumption for the base case to reflect the
superior carbon sequestration ability of oil plantations. We
also considered a carbon-neutral assumption at the plantation
stage with 1.7 kg CO,. per kg lauric acid,** a relatively conser-
vative scenario. More details are in the ESL.}

Results and discussion
Lauric acid self-ketonization in a batch reactor

Initial solventless reactions were performed at the optimized
conditions determined in previous work** with n-dodecane as
a solvent (Fig. S8T). As depicted in Fig. 3a, the solventless reac-
tion resulted in a lower 12-tricosanone yield (~49%). GCMS
data (Fig. S9T) showed that 12-tricosanone undergoes thermal
cracking at this elevated temperature to lauraldehyde and
undecane, resulting in lower output. Thermal cracking of C,,—
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C,s ketones to shorter chain alkanes and alkenes has been
reported.>® The catalytic decarboxylation of carboxylic acids
has been observed over metal oxides above 300 °C, and there-
fore, undecane could also form via decarboxylation of the
lauric acid.**** We also suspected that mixing could be an
issue due to the lack of solvent. The batch system was then
scaled up from 2 g to 11.1 g to fill the space in the reactor and
improve mixing. This scale-up improved the product yield to
72% and decreased product decomposition (Fig. 3b and
Fig. S101). Since the conversion was already 100%, the reaction
temperature was reduced to 320 °C to minimize 12-tricosa-
none’s thermal cracking. However, the yield of 12-tricosanone
dropped to 53% despite a conversion of 90%. Thermal crack-
ing was not observed. The low carbon balance was attributed
to complexes forming with MgO. Specifically, due to the strong
basicity of MgO, bulk acetate reaction intermediates form on
the catalyst in self-ketonization reactions with carboxylic acids,
lowering the yield compared to conversion, as detailed in pre-
vious work.”**** Notably, complexes at lower temperatures
form more rapidly than ketonization. These complexes decom-
pose to ketones at higher temperatures or longer reaction
times. Therefore, to minimize thermal cracking and thermally
decompose the complexes, the reaction temperature was

(=2
-~
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Fig. 3 Lauric acid self-ketonization reaction over MgO with dodecane and without a solvent. (a) Conversion and product yield with and without
solvent with 1.8 g lauric acid, 0.2 g MgO, 380 °C, 90 min, 800 rpm, 20 bar N, 30 ml dodecane for reaction with solvent. (b) Impact of scaling up:
10 g lauric acid, 1.1 g MgO, 380 °C, 90 min, 800 rpm, 20 bar N,. (c) Reaction temperature optimization at scaleup of 10 g lauric acid, 1.1 g MgO,
90 min, 800 rpm, 20 bar N,. (d) Reaction time optimization. Reaction conditions: 10 g lauric acid, 1.1 g MgO, 350 °C, 800 rpm, 20 bar N..
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increased to 350 °C. At this temperature, a ~90% 12-tricosa-
none yield was achieved (Fig. 3c and Fig. S10t). To minimize
thermal cracking, the reaction time was reduced (Fig. 3d). A
shorter reaction time still resulted in complete lauric acid con-
version and a 12-tricosanone yield of 36% at 30 min, resulting
in a 55% carbon loss due to complexation. These batch reac-
tions indicate that a reaction time of 90 min at 350 °C is
optimal for high yields of 12-tricosanone in solventless con-
ditions. Due to the varying temperature during the preheating
in a batch reactor, more detailed reaction time-temperature
optimization was not pursued. Instead, the temperature-reac-
tion time was optimized in continuous flows to ensure com-
plete conversion, limit thermal cracking, and minimize the
formation of complexes.

Centimeter-scale continuous flow reactor performance

After demonstrating solventless batch reactions, we advanced
to the centimeter-scale flow reactor. The lauric acid flow rate
was calibrated in the setup shown in Fig. 1. The initial flow
reactions were conducted at 350 °C, with a lauric acid the
WHSV from 0.1 to 0.3 min~". Optimization was performed to
ensure complete conversion of lauric acid and increase the
system’s productivity (in grams of product per min). The
highest yield of 82% was obtained for longer residence times
at WHSV of 0.1 min™%, as shown in Table 2. The lauric acid
conversion and 12-tricosanone yield were 12% higher than the
literature values at comparative WHSVs.>’

The solventless batch system optimization studies and
recent work on cross-ketonization of 2-furoic acid with lauric
acid showed that thermal decomposition of the metal-car-
boxylic acid complex is crucial in ketonization.** Increasing
the reaction temperature favors the metal-complex decompo-
sition if thermal decomposition is prevented. Therefore, the
reaction temperature was increased from 350 to 365 °C, and
the 12-tricosanone yield increased from 82% to 93% (Table 3).
Similar increases in yield were observed at different WHSV
values. The batch reactor optimization showed thermal crack-
ing of 12-tricosanone at 380 °C; thus, a further increase in
temperature was not attempted. The temperature and WHSV
optimization indicated that 365 °C and longer residence times
give higher 12-tricosanone yields. These optimized conditions
were also carried forward to the kilogram scale flow reactor.

Time on stream (TOS) studies. TOS data indicates that the
catalyst deactivated slowly for 2 h and then faster, reaching a
12-tricosanone yield of 77% after 4 h, as shown in Fig. 4a.
Interestingly, a gradual increase in pressure drop across the

View Article Online
Paper
Table 3 Optimization in the centimeter-scale flow reactor collected

after 60 min TOS. Reactions at 365 °C and 1 g of MgO catalyst. W/F is
the ratio of the catalyst's weight to the reactant flow rate

Lauric Lauric acid Product
acid flowrate ~ W/F WHSV conversion yield
Case  (gmin™) (min) (min™) (mol%) (mol%)
1 0.1 10.0 0.10 99 93
2 0.2 5 0.20 96 89
3 0.3 3.33 0.30 92 81

catalyst bed was observed, attributed to the complex formation
mentioned above. This complexation changes the catalyst par-
ticles’” morphology, forming spongy particles instead of cubic
MgO. This results in non-uniform particle sizes along the
column, changing the reactant flow rate. The recovered cata-
lyst’s XRD and TGA results showed the formation of carbonate
species on the catalyst (Fig. 4b). These results are consistent
with the literature. XRF analysis of the collected solution was
performed for catalyst leaching but Mg>" ions (Table S1t) were
not detected. Notably, a change in catalyst color from white to
grey was observed, indicating coke deposits.

TGA analysis of the spent catalyst showed light coke for-
mation as most weight loss occurred below 500 °C (Fig. 4c).
FTIR spectra of the spent catalyst were compared to pure mag-
nesium carbonate and magnesium-lauric acid complexes. The
broad carbonyl (C=O0) peak of MgCO; was at a wavelength of
approximately 1475 cm™" in the spent material. Smaller C-H
alkane peaks at approximately 2900 cm™" and Mg-COO carbox-
ylate peaks at around 1650 cm™" were also observed (Fig. 4d).
These alkane and carboxylate peaks indicate lauric acid com-
plexes with MgO and carbonate deposits. The catalyst was suc-
cessfully regenerated by calcination in air at 600 °C for 2 h.
TOS studies were repeated with the regenerated material
(Fig. 5a). XRD analysis of the regenerated catalyst showed no
carbonate deposits (Fig. 5b), and the activity was comparable
to that of the fresh catalyst. To summarize, no catalyst leaching
was observed during TOS studies. However, the catalyst under-
went slight deactivation due to carbonate formation. This de-
activation was reversed through calcination, and the regener-
ated material displayed the same activity as the fresh catalyst.

Stabilization strategies for magnesium oxide. While the
regeneration strategy was effective, a stable catalyst would
reduce downtime from regeneration. MgO impregnated on
Zr0, or Al,O; is more durable than pure oxide.*®*” Therefore,
we evaluated these oxides in the centimeter-scale flow reactor.
TOS results are depicted in Fig. S11a and b.t Except for Mg/

Table 2 WHSV optimization in the centimeter-scale flow reactor at 350 °C and 1 g of MgO catalyst at 60 min time-on-stream (TOS). W/F is defined

as the ratio of the weight of the catalyst to the reactant flow rate

Case/ref. Lauric acid flowrate (g min™") W/F (min) WHSV (min™) Lauric acid conversion (mol%) Product yield (mol%)
1% 0.12 17.0 0.06 78 70
2 (this work) 0.1 10.0 0.10 93 83
3 (thiswork) 0.2 5.0 0.20 80 66
4 (thiswork) 0.3 3.3 0.30 72 64
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Fig. 5 (a) Activity of 1 g of regenerated catalyst, WHSV 0.1 min~%
catalysts.

Zr0O,, these catalysts showed significantly lower activity than
pure MgO. Mg/Al,0; and Mg/SiO, were completely deactivated
with 12-tricosanone yields of 21 and 18%, respectively, after
240 min TOS, as shown in Fig. S11b.f Mg/ZrO, initially
showed a 90% yield of 12-tricosanone at 30 min but 48% after
240 min compared to 77% for pure MgO. MgO is the active

8824 | Green Chem., 2024, 26, 8818-8830
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20

, reaction temperature 365 °C. (b) XRD spectra of fresh, spent, and regenerated

component, so the lower Mg loading can explain the lower
activity of Al,O; and SiO,-supported materials. Zirconium
oxide (ZrO,) is active for ketonization,’®>' and the XRD
spectra of the fresh catalyst clearly show monoclinic zirconia.
Therefore, the zirconia support could be responsible for the
higher initial yields observed for Mg/ZrO,.
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Another stabilization strategy could involve Mg-Al hydrotal-
cites synthesized through co-precipitation. These hydrotalcites
can also be improved by doping with ceria.*® The hydrotalcite
catalysts were not as active as pure MgO and deactivated at a
similar rate. As depicted in Fig. S12a and b, Mg;Al;0, 5, and
Mg;Al, sCe,0, 5 initially showed 74 and 71% 12-tricosanone
yield at 30 min but 48 and 52% at 240 min, respectively. These
results indicate that embedding MgO in the hydrotalcite struc-
ture does not improve stability. The higher BET surface area of
the mixed oxides (Table S2) and lower activity than pure MgO
indicate that internal mass transfer of lauric acid to the mag-
nesium oxide sites in the hydrotalcites is possibly not limiting
the reaction at this temperature regime. Aluminum and
cerium oxides are less effective for ketonization than MgO,
and the lower activity of the mixed oxides could be attributed
to lower MgO loadings than the pure oxide. With the same Mg
loading of 1.1 g in batch, the 12-tricosanone yield was indeed
comparable: 90% over pure MgO, 87% over Mg;Al;0, 5, and
93% over Mg;Al;gCep 0,5 (Fig. S131). Pure MgO demon-
strated the best performance and stability and was selected for
further scale-up.

Carbonate formation on the catalysts screened. To better
understand how the supported and hydrotalcite catalysts de-
activate, we examined the spent materials from batch experi-
ments conducted at the same WHSV as the flow reactions. The
reaction conditions and yield data can be found in Fig. S14.1
Like the flow reactions, Mg/ZrO, performed better than Mg/
Al, O3, producing a 47% yield of 12-tricosanone compared to
34%. Mg;ALO,5 and MgsAl, Ce,,045 were even more
effective, with 76% and 85% yields, respectively.

After the experiments, we recovered the spent catalysts and
analyzed them using XRD, while the post-reaction solution
was analyzed using XRF. All four catalysts appeared noticeably
greyer, suggesting the presence of carbonate deposits. The
XRD scans of the fresh and spent Mg/Al,O; are shown in
Fig. S15a and b.} The periclase MgO peaks at 42° and 63° were
replaced with the trihydrate magnesium carbonate at 16°. The
phase change was less prominent for Mg/ZrO,, although there

-
o
o
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Fig. 6
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was a slight loss of crystallinity indicated by the broadening of
the mixed Mg-Zr phase at 34°. Carbonate formation was most
noticeable on the hydrotalcite catalysts. Both oxides exhibited
peaks of syn magnesite and magnesium carbonate hydroxide.
While pure MgO transformed into magnesite as shown in
Fig. 4, the peaks of magnesium carbonate hydroxide were
unique to the hydrotalcite.

Interestingly, XRF scans of the post-reaction solution
revealed no Mg”* ions, suggesting that carbonate deposits were
the leading cause of deactivation. Notably, the carbon balance
was over 90% for all four experiments, indicating minimal
complexation. According to the published complexation
mechanism, the carboxylic acid would have to remove Mg
from the lattice structure for complexation to occur. Likely,
anchoring MgO onto ZrO,, Al,0;, or embedding it in the
hydrotalcite structure prevents this. Khromova et al. demon-
strated this through the preparation of Mg-Al and Mg-Zr
admixtures. Pure MgO was found to deactivate due to the for-
mation of carboxylate salts, while the admixtures showed more
MgCO; formation.

Taking the data together, it is evident that different degrees
and types of carbonate form, and carbonate formation is a key
deactivation pathway.

Scaled-up flow reactor performance

Time on stream (TOS) data and regeneration in the kilo-
gram-scale reactor. To scale up the process, the lauric acid
flow rate and catalyst loading were increased by ten, maintain-
ing the optimized WHSV from the centimeter-scale reactor.
TOS data at the optimal conditions (365 °C and WHSV of
0.1 min™") is given in Fig. 6a. The catalyst remained active for
150 min, with the 12-tricosanone yield varying between 98 and
89% and then dropping faster at longer times. The catalyst de-
activation was attributed to carbonate and coke formation
(Fig. 4). Following the same regeneration strategy of the centi-
meter-scale flow reactor, Fig. 6a and b show that the regener-
ated catalyst displayed the same initial activity as the fresh
catalyst. The mass spectra and H' and C'*> NMR of the 12-trico-

b)
100{ oo 2«
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701
60 4
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404— .
0 50

Conversion/Yield (mol%)

100 150 200 250 300
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(a) Performance of the fresh catalyst. (b) Performance of the regenerated catalyst; calcination conditions: 600 °C under air for 2 h. Reaction

conditions: temperature 365 °C, catalyst weight 10 g, flowrate 1 g min~, WHSV 0.1 min~%, W/F 10 min, residence time 27 min.
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pathway of lauric acid to undecane.

sanone collected in first 30 minutes of reactor operation are
given in Fig. S16, 17 and 18.7

Carbon loss. Fig. 7a

shows significant carbon loss at longer

reaction times due to decarboxylation of lauric acid or thermal
decomposition of 12-tricosanone. GCMS spectra (Fig. 7bi) of

12-Tricosanone
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(a) Carbon balance observed at 210 min TOS. (b) GCMS spectra of the samples before and after installing a cold trap. (c) Decarboxylation

the samples collected showed no evidence of alkanes from de-

carboxylation or

decomposition. We hypothesize that the

effluent line’s elevated temperature (~250 °C) could vaporize

these products. To

mitigate this, a cold trap was installed over

the collection beaker to collect the vapor phase during a repli-
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Fig. 8 Process flow diagram for 12-tricosanone production (R-1, SR-2, F-1), aldol condensation (H-1, R-2, SR-2, DC-1, DC-2, DC-3, COOL-1, R-3,
EX-1, DC-4), and hydrodeoxygenation (R-4, F-2, F-3, SR-3, COMP-1, H-2, COMP-2, H-3, COMP-3, H-4).
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cate run. We identified undecane as well as a smaller amount
of undecene, products of decarboxylation and decarbonylation
of lauric acid, respectively (Fig. 7bii). No thermal cracking of
12-tricosanone was observed. These results indicate that the
carbon loss is due to the decarboxylation and decarbonylation
of lauric acid (Fig. 7¢).

12-Tricosanone production rate. The average 12-tricosanone
yield was 90% after 3 h, with a lauric acid flow rate of 5 mmol
min~" producing 2.25 mmol min~' of 12-tricosanone.
Assuming a continuously operational plant with regeneration
for 2 h after every 3 h on stream, this lab-scale setup could syn-
thesize 781 g of 12-tricosanone per day. Multiple catalyst beds
could be operated in parallel to ensure continuous production
with no interruption and scale out the production. Optimizing
the regeneration step could also increase productivity.

Systems analysis

Process description. The proposed process includes three
stages (Fig. 8): (1) 12-tricosanone production from lauric acid

[ Material Cost [l Catalyst Cost[ ] Other Operating Cost
] utility Cost [_] G&A Cost

25.6 (7.4%)

17 (4.9%)

View Article Online
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(Scheme 2), (2) aldol condensation of furfural and 12-tricosa-
none to condensed furan (Scheme 1), and (3) hydrodeoxygena-
tion to lubricant base oils (Scheme 1). In the process, lauric
acid is sent to reactor R-1 to produce 12-tricosanone at 365 °C
and 1 bar with a yield of 92.9% (Table 1). Side products from
the decarboxylation of lauric acid (Fig. 7c) are separated with
separator SR-1. The CO, and H,O are separated from 12-trico-
sanone using distillation column DC-1. 12-Tricosanone is then
mixed with the other reactant, furfural, solvent methanol, and
catalyst NaOH, heated to 80 °C, and sent to reactor R-2 for
aldol condensation at 1 bar with a yield of 94.3% (14.8% for
Cosgfuran and 79.5% for Csizguran). The byproduct (humins) is
separated with separator SR-2. A distillation column DC-2 sep-
arates methanol and H,O from other species (Cygfuran, Caafurans
NaOH, and furfural) for recycling. Methanol is separated from
H,O using distillation column DC-4 and recycled. Furfural is
separated from Cogfuran, C3sfuran, and NaOH using distillation
column DC-3 and is recycled back to reactor R-2. The product
stream is then cooled with H-2 to ambient temperature and

[ Purchased Equipment [l Other Capital Cost[ ] G&A Overhead
[ contract Fee

Contingencies

9.9 (9.1%)

B3] Working Capital

8.4 (7.7%)

[ Material Cost [l Catalyst Cost[ ] Other Operating Cost

[ utility Cost

c) 256(7.1%)

17 (4.7%)
6.8 (1.9%)

N
N,

2.5 (0.7%)- -

[ ]G&A cost

15.8 (4.4%)

[ Annualized Capital Cost

Fig. 9 (a) Operating cost breakdown. Graph labels refer to cost in million $ per year along with the percentage of total operating cost. (b) Capital
cost breakdown, in millions of dollars. (c) Total cost breakdown, numbers are presented in million $ per year for the base case scenario with 12-tri-

cosanone produced through self-ketonization of lauric acid.
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neutralized with hydrochloric acid in reactor R-3. The product
is extracted with dichloromethane using extraction EX-1 and
separated  using the  distillation  column  DC-5.
Dichloromethane is recycled from the distillate stream of
DC-5. The product from aldol condensation is then mixed
with solvent cyclohexane and sent to reactor R-4 for hydro-
deoxygenation. Pressurized H, is also sent to reactor R-4,
operating at 180 °C and 50 bar. A yield of 50.5% Cs3; and
10.9% C,s alkanes has been reported.'® The rest of the
product is mostly short-chain alkanes due to cracking. Still,
the exact composition was not quantified experimentally as
in catalyst pre-reduction and hydrodeoxygenation, the
solvent, cyclohexane, also forms C1-Cé6 alkanes. H, is separ-
ated using a flash drum F-1 and recycled. Before entering
the reactor, H, is first brought to 50 bar and 180 °C with
multistage compression (COMP-1, COMP-2, COMP-3, H-3,
H-4, H-5). The solvent is separated from the product using a
flash drum F-2 and distillation column DC-6. The reaction
product exits from the bottom stream of the distillation
column DC-6. The major product is separated from the
byproduct using SR-3, assuming complete separation.
Cyclohexane is separated from H,O wusing distillation
column DC-7 and recycled from the distillate stream.

Techno-economic analysis (TEA). The base TEA scenario
considers the process described above. Biomass-derived fur-
fural and lauric acid are purchased from the market at $1840
per ton (ref. 52 and 53) and $800 per ton,”® respectively. The
MSP of this scenario is compared with our previous study, in
which HAA was used instead of aldol condensation.® An
alternative scenario is also considered, in which 12-tricosa-
none is purchased from the market at $3000 per ton,** and
only aldol condensation and hydrodeoxygenation are included.
The furfural feed is 66 000 ton per year.'* A 35% tax rate is
imposed.

In the base scenario, the process consumes 170 167 ton per
year of lauric acid and 66 000 ton per year of furfural and pro-
duces 109 471 metric ton per year of lubricant base oil. The
cost breakdown (Fig. 9) is compared to the alternate scenario
(Fig. 10). The total annualized costs and the breakdown for the
alternative scenario are shown in Fig. S19 and Tables S3, S4.1
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= [ 12-Tricosanone At Market Price

> 500

<
&+

S 400 4
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= 300
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=

“;; 200
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““Material Cost Utility Cost Annualized G&A Cost Catalyst Cost
Capital Cost and Other
Operating Cost

Fig. 10 A comparison of the cost breakdown between the base and
alternative scenario.
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In both cases, material costs dominate the total cost
breakdown.

The MSP is calculated to be $3184 per ton for the base case
scenario and $5775 per ton for the alternative scenario. The
difference is primarily due to the raw material cost, as shown
in Fig. S10.7 This study shows a lower MSP by 30% and 29%
compared to the previous study and the commercial synthetic
PAO4 price of $4475 per ton.™

Life cycle assessment (LCA). Previous studies suggest that
carbon sequestration plays a vital role in lauric acid production
emissions**>*® and depends on the LUC when converting
natural forests and land types to plantations. To account for
this, three scenarios are presented in Fig. S20-22.7 In the first
scenario, carbon-neutral lauric acid production was assumed.
In the second scenario, a carbon-neutral assumption was
applied to the plantation stage, and in the third scenario, the
impact of LUC was not considered (see ESI).

In scenario 1, the GWP was 3.09 kg CO,. per kg lubricant
base oil, 8.9% lower than petroleum-derived process (3.39
CO,, per kg lubricant base oil). In scenario 2, the GWP was
4.77 kg CO,. per kg lubricant base oil, 40.7% greater than the
petroleum-based process. This assumption is more conserva-
tive as Yee et al*' showed that palm oil exhibits a better
carbon assimilation capability than the rainforest, on which
the plantation is usually built. In scenario 3, the GWP was
—64.1 kg CO,. per kg lubricant base oil, indicating a net
carbon absorption and a lower bound. Due to the complexity
of capturing the effect of LUC, further quantitative studies in
agricultural science are needed to investigate the effect of LUC
on upstream carbon sequestration. The process breakdown for
scenario 1 (Fig. 11 and Table S5f) shows that steam contrib-
utes 1.99 kg CO,, (41.1%), heat 0.86 kg CO,. (17.8%), cooling
0.48 kg CO, eq. (9.9%), and the byproduct 1.77 kg CO,
(36.4%).

[ Byproductll] CO2 production[Z1] Fire Heat [_Jcooling Energy
[_1Steam [ Electricity B Other Chemicalsjilll Furfural

=54

N
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Fig. 11 Global warming potential of the process. A carbon neutral pro-
duction of lauric acid from palm oil is assumed.
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Conclusions

This work demonstrates the successful scale-up of the solvent-
less self-ketonization of lauric acid to 12-tricosanone, a lubri-
cant precursor. The batch experiments showcased a tradeoff of
temperature and time; high temperatures lead to the removal
of carbonate complexes but also to product thermal cracking.
Optimization in a batch system resulted in a 90% yield at
350 °C in 90 min. Flow scale experiments allowed fine control
of the residence time and temperature by bypassing the
uncontrolled preheating of batch systems. A centimeter-scale
flow reactor facilitated solventless operation, achieving 93% of
12-tricosanone yield at 365 °C and a 0.1 g min " flow rate.
Catalyst deactivation reduced the yield from 93% to 77% after
2 h TOS. The catalyst could be fully regenerated through calci-
nation. The process was then scaled up from 0.1 gmin~"to1 g
min~' through reactor and catalyst modifications while
keeping the reaction temperature and WHSV the same. The
reported processing rate is 20 times higher than literature at
comparable productivity. TEA revealed a MSP 29% lower than
the commercial synthetic PAO. LCA showed that under the
carbon neutral assumption for lauric acid production, lubri-
have 8.9% GWP than petroleum-derived

cants lower

lubricants.
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