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ABSTRACT: Fuel properties of oil-bearing kukui (Aleurites moluccana)
nuts, a commonly found crop in Hawaii and tropical Pacific regions, were
comprehensively studied to evaluate their potential for bioenergy
production. Proximate and ultimate analyses, heating value, and
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elemental composition of the seed, shell, and de-oiled seed cake were S
determined across five sampling locations in Hawaii. The aged and P
freshly harvested kukui seeds were found to have similar oil contents, * &
ranging from 61 to 64%wt. Aged seeds, however, have 2 orders of
magnitude greater free fatty acids than those freshly harvested (50% vs
0.4%). The nitrogen content of the de-oiled kukui seed cake was found
to be comparable to that of the soybean cake. Aging of kukui seeds can
decrease the flashpoint temperature and increase the liquid—solid phase
transition temperatures of kukui oil obtained. Mg and Ca are the major
ash-forming elements present in the kukui shells, >80%wt of all metal
elements detected, which may reduce deposition problems for thermochemical conversion in comparison with hazelnut, walnut, and
almond shells. The study also revealed that kukui oil has similar characteristics to canola, indicating that it is well-suited for biofuel
production.
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1. INTRODUCTION
In 2021, the Intergovernmental Panel on Climate Change

monolignols or C-lignin-containing shells,"®'” and the high-
grade bioadsorbents derived from the shells,”**" kukui nuts

vividly illustrates the necessity of limiting global warming to
1.5 °C to avoid severe climate impacts; achieving this target
will require reaching global net-zero greenhouse gases
emissions by 2050 or soon after." Biomass is recognized as a
key component to decarbonizing the energy sector and
improving energy security, and biomass energy production
accounts for over 50% of the total world renewable energy
supply in 2021.> Despite being the most petroleum-dependent
state in the US with >80% of primary energy consumption
from petroleum,” Hawaii possesses significant biomass
resources that can be harnessed for energy production
throughout its islands.”

Kukui (candlenut, Aleurites moluccana), the Hawaii state
tree, is widespread in Hawaii’s islands, India, the Philippines,
Malaysia, Indonesia, and Australia.”~” Based on an assessment
of historical imagery, the current coverage of naturally
occurring kukui trees in Hawaii is ~4170 ha’ with an
estimated annual seed production of ~80 kg/tree’ and a
productivity of 3200 kg/ha oil.> Although the kukui seed is
marketed as a natural weight-loss supplement, many adverse
symptoms were reported, which may be associated with the
presence of phorbol esters.” Currently, the primary application
is oil for the cosmetic industry in Hawaii and biodiesel
production in Malaysia and Indonesia.””~"” With the high oil
content of the seeds,” the potentially valuable caffeoyl alcohol

© 2023 The Authors. Published by
American Chemical Society
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have the potential to serve as a feedstock for sustainable
aviation fuel (SAF) and high-value chemicals. A comprehen-
sive understanding of its fuel characteristics can remove one
limitation to the use of kukui nuts for SAF and chemical
production.® Production of kukui nuts at scale and its
biocultural significance in Hawaii and other tropical regions
remain to be addressed.

The objective of this study is to conduct a comprehensive
characterization of kukui nuts to evaluate their potential for
bioenergy production. Nuts were collected from trees in five
locations in Honolulu, Hawaii. Essential fuel and biomass
properties of seeds, oils, de-oiled seed cakes, and shells were
determined and compared with other oil seeds. Impacts of
storage on these properties were determined by separately
analyzing nuts collected a few days after the fruits fell from the
trees (fresh) and those that were aged under ambient
conditions (aged).
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2. MATERIALS AND METHODS

2.1. Test Materials. Kukui nuts were collected in 2021
from five locations in Honolulu, HI. Four locations, i.e., near
Hale Aloha-llima Tower (HA), Bilger Hall (BH), former
National Oceanic and Atmospheric Administration site
(NOAA), and Hawaii Institute of Geophysics (HIG), were
on the University of Hawaii Manoa (UHM) campus
(21°17'48"N, 158°49'01"W) shown in Figure SI; the fifth
location was on Saint Louis Heights (SLH) (21°18’09"N,
158°4821”W). The fallen nuts were picked from the ground
1 °C for 7
days. The seeds were separated through mechanical shelling,
and the oil was extracted from the seeds by solvent extraction
(SE)** and mechanical extraction (ME). Process details are
described in the Supplementary Information (SI).

2.2. Oil Fatty Acid Profile. The oil samples were
converted to their corresponding fatty acid methyl esters by

near the kukui trees and then oven-dried at 40 +

KOH-catalyzed transesterification.””** This sample was
analyzed using a Bruker 436-GC gas chromatograph (GC)
and a SCION-MS select, single quadrupole mass spectrometer
(Bruker Corp., Billerica, MA, USA). The GC was equipped
with a 60 m Agilent DB1701 capillary column [low/mid
polarity (14%-cyanopropyl-phenyl)-methylpolysiloxane] with a
15 m guard column before the backflush valve. American Oil
Chemists” Society (AOCS) Animal & Vegetable Reference Set
and customized standards were purchased from AccuStandard
(New Haven, CT) for chemical identification and quantifica-
tion, respectively.

2.3. Characterization. The physicochemical properties of
the seeds, cakes, shells, and oils were determined according to
the methods and procedures listed in Table 1. Details on the
proximate, ultimate, thermogravimetric, element content, and
phase transition analyses are provided in the Supplementary
Information.

Table 1. Properties of Samples Determined Based on
Methods and Procedures

analysis standard instrument model (manufacturer)
ultimate 1SO16948 CHNG628 Elemental Analyzer (LECO Corp.,
St. Joseph, MI, USA)

proximate ASTM TGA801 macro thermogravimetric analyzer
D1756, (LECO Corporation, St. Joseph, MI USA)
D$72,
D1755

higher heating value ASTM 6200 Isoperibol Calorimeter (Parr

(HHV) D4809 Instrument Company, Moline, IL, USA)

S8 TIGER XRF spectrometer (Bruker Corp.,
Billerica, MA, USA)

TGA 5500 thermogravimetric analyzer (TA
Instruments, New Castle, DE, USA)

Q2000 differential scanning calorimetry
(DSC) with an RCS90 temperature
control (TA Instruments, New Castle, DE,
USA)

elemental (solids)
thermogravimetric

phase transition

viscosity and ASTM SVM3000 Stabinger Viscometer (Anton
density D7042 Paar USA Inc., Ashland, VA, USA)
flash point ASTM Setaflash 82000-2 U closed cup flash point
D3828 analyzer (Stanhope-Seta, London, UK)

free fatty acid AOCS Ca chemicals required were purchased from

(FFA) Sa-40 Fisher Scientific, Hampton, NH, USA

iodine value (IV) AOCS Cd  chemicals required were purchased from
1d-92 Fisher Scientific, Hampton, NH, USA

3. RESULTS AND DISCUSSION

3.1. Kukui Nuts. The kukui nuts collected were generally
elliptical-shaped and ~2.5—3.5 c¢m in diameter with hard,
rough, and brown-to-black shells. Nut weights (dry basis) were
~8—12 g, and the mass ratio of the fleshy seed to the shell was
~2:1, consistent with the values reported in the literature.”""
Although the sampling locations were all near the UHM
campus, the kukui trees at the NOAA location were located
close to the Manoa stream, and the tree at SLH was at a higher
elevation. The aged nuts were separated from the fresh nuts
based on seed color, i.e., the aged and fresh seeds are waxy
brown and light tan, respectively. The age of the nuts was not
determined. The aged seeds varied from a brown surface color
only to a completely dark brown color on the surface and
throughout the interior of the whole seed. Note that the aged
seeds collected from the ground could be one or multiple
seasons old.

Reported oil extraction from the candlenut seeds includes
three techniques, solvent (SE),'****° mechanical
(ME),"®!'"1327 and supercritical carbon dioxide
(scCOZ)28 %9 processes, summarized in Table 2. Fresh and

Table 2. Oil Content of Kukui Seeds Extracted Using
Various Technologies

reference oil content %wt method
fresh seeds (this study, n = S) 63.8 + 3.4 solvent
aged seeds (this study, n = 4) 612 + 3.8 solvent
Kibazohi and Sangwan25 20.11 solvent
Cabral et al.* 42 solvent
Villarante et al."® 56 solvent
Sulistyo et al.'’ 30 mechanical
Martin et al.'! 43.2 mechanical
Budianto et al.”’ 39 mechanical®
Pham et al."? 20-30 mechanical
Martin et al."! 56.3 mechanical + solvent?
Nik Norulaini et al.*® 52.6 supercritical CO,
Siddique et al.*’ 70.12—77.27 supercritical CO,"
Subroto et al.*’ 61.4 supercritical CO,

“The oil content was reported as 425 mL oil/ kg seed and this value
was calculated based on oil density = 0.92 g cm™ bSolvent extraction
was performed for the oil cake obtained from mechanical extraction,
and the resulting oil yield was 13.1% of the initial seed mass. “The
values are the maximum oil yield under the optimized extraction
conditions.

aged seeds in this study were processed via SE, and values were
averaged across sampling locations. Fresh and aged seed oil
contents were not significantly different. The reported oil
contents of the seeds obtained by SE ranged from 20 to 56%
wt,'>?52¢ glightly lower than the values obtained in this study.
ME yields less oil, 20—43%wt of the seed.'”"'"*” Oil equal to
~13% of the initial seed mass was retained in the ME seed
cake.'' This resulted in a larger HHV of the ME cake'' in
comparison with the SE cake (Table S1). Although the green
scCO2 technology can yield a comparably higher fraction of
oil, high equipment and operating costs may hinder its
application for biofuel production. In general, the kukui oil
content is within the upper range of other nuts that include
hazelnut, almond, walnut, and macadamia.**

Figure 1A,B compares the proximate and ultimate analysis
results of kukui seeds, seed cakes, and shells with those of
pongamia (Millettia pinnata),”” kamani (Calophyllum inophyl-
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Figure 1. Comparison of proximate (A) and ultimate (B) analysis results of kukui seeds, de-oiled cakes, and shells with those of kamani,

.22 32
pongamia,”~ and soybean.

of ref 32.

Note: the data utilized for plotting are derived from the values presented in Tables S1, S2, and S6 of ref 22 and Table 1

lum), and soybean (Glycine max),” respectively; data, error
estimates, and literature values are presented in Table S1. Note
that Table S1 summarizes Tables S2—S4 as averages, as no
significant statistical differences were observed across the
sampling locations. The proximate and ultimate results and
energy content of fresh and aged kukui seeds, seed cakes, and
shells were similar. The volatile matter and carbon content of
the kukui seeds are S—6%wt higher than those of pongamia
seeds owing to the higher oil content of the kukui seeds, >60%
wt (SE) vs 20—30% wt of pongamia seeds (SE).”* Although
the ash content of kukui seeds is ~1%wt higher than that of
pongamia seeds (2.49%wt),”” the ash content of kukui cakes is
the highest among the four cakes in Figure 1A, i.e., over 2-fold
higher than that of pongamia and kamani cakes (3.9 and 4.0%
wt, respectively) and ~50% higher than that of soybean cakes
(6.14%wt).”> The nitrogen content of the kukui cakes, 10.04
and 10.63%wt for fresh and aged cakes, was slightly higher than
the literature values for soybean cakes, 9.29%wt,** and ~100%
higher than that of pongamia cakes, 5.30%wt,* indicating the
potential to serve as a protein source.

22569

Kukui shells have a lower nitrogen content, <0.5%wt, than
shells of widely produced almonds, hazelnut, and walnut, 1.1—
1.6%wt.>*> The ash content of kukui shells, 3.58 and 5.01%wt
for fresh and aged shells, respectively, is slightly higher than
shells from these three commercial nuts, 1.4—3.3%wt,*> and
that of macadamia shells, 0.82%wt.>* The kukui shells
reportedly contain C-lignin and could be a potential
sustainable feedstock for catechol production.'®"’

Thermogravimetric (TG) and derivative thermogravimetric
(DTG) analysis results for kukui SE cakes and shells, kamani,
and pongamia are compared in Figure 2 (data for individual
locations are shown in Figure S2). A significant loss of mass
occurs for all materials in a range of 200—500 °C due to the
decomposition of hemicellulose, cellulose, and lignin. At T >
500 °C, only a limited weight loss (10—15%wt) associated
with the degradation of other heavy components (remaining
lignin) was observed.””*° The mass loss at temperatures <200
°C includes water and the release of some light volatile species.
The temperature corresponding to the rate of maximum mass
loss (peak temperature in Figure 2B) of kukui shells is >30 °C

https://doi.org/10.1021/acsomega.3c00860
ACS Omega 2023, 8, 2256722574
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Figure 2. TG analysis of kukui, kamani, and pongamia: (A) TG curve; (B) DTG curve.

higher than that of pongamia pods. The potassium
concentration of kukui shells is an order of magnitude lower
than that of pongamia pods (Figure 3), and K catalytically
decreases pyrolysis reactions’ energy barriers.””” Correspond-
ingly, the kukui cakes’ maximum mass loss occurs at ~20 °C
lower than that of kukui shells. The temperature for kamani
cakes is similar to that of pongamia pods owing to the
synergetic catalytic impacts of K and P.”"~*

Figure 3 presents the X-ray fluorescence (XRF) results of
the kukui cakes and shells (data and error estimates in Tables
S5—S8 for each location). XRF analysis was not conducted on
seeds because their high oil content prevented the formation of
stable sample pellets. The higher total mineral content of the
kukui cakes compared to the shells is consistent with the ash
content results from the proximate analysis. For the major
elements shown in Figure 3A, concentrations are higher in
kukui cakes than in shells, with the exception of Ca. Greater
than 80% of the total inorganic elements detected in kukui
shells are alkaline earth metals, ie, Mg and Ca, and the
maximum concentrations of Cl and K are 337 and 2117 ppm,
respectively, suggesting a reduced risk of ash deposition during
thermochemical conversion.*” The two primary ash compo-
nents in almond, hazelnut, and walnut shells, K,O (30—49%

22570

wt) and SiO, (10—27%wt), are significantly higher than those
in kukui shells (<10 and <3%wt of K,O and SiO,,
respectively).”> An elevated level of Cr and Fe was detected
in aged shells.

Required plant micronutrients, Mn, Fe, Ni, Cu, and Zn, were
detected in the kukui shells and cakes at concentrations of 10—
400 ppm and 30—230 ppm, respectively. Sr originates from
basalt lava, Asian dust, and rainfall (ocean derived) in Hawaii*'
and was detected in both kukui cakes and shells. The P and S
contents of kukui cakes were higher than those of kamani and
pongamia cakes. Note that Na was not included in Figure 3A,
as its concentration was not consistently above the lower limit
of quantification. The aged cakes, however, were found to have
elevated levels of Na (Table S6).

Opverall, kukui nuts possess several valuable properties. The
high oil yield of the seeds, ~60%wt, indicates that they have
the potential to serve as a viable source of oil for biofuel
production. The high nitrogen content of the de-oiled seed
cakes could make them a useful protein source, potentially for
animal feed or as an ingredient in food products. Additionally,
the shells are abundant in alkaline earth metals, particularly Mg
and Ca, which suggests a reduced risk of ash deposition and
fouling during thermochemical conversion. However, more

https://doi.org/10.1021/acsomega.3c00860
ACS Omega 2023, 8, 2256722574
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Table 3. Properties of Kukui Oil Obtained

properties
FFA %

iodine value

v at 40 °C/mm?* s~
pat 15 °C/g em™

Tonser/ °C (L-8)
Tpeak/oc (L-S)
Tonser/ °C (S-L)
Tpea/°C (S-L)
HHV MJ kg™
flash point/°C

SE-fresh

0.39 + 0.26
161.4 + 5.0
23.11 + 3.52

0.92 + 0.01

—23.07 + 142
—60.81 + 1.01
—21.99 + 4.06
—31.86 + 0.95

3894 + 0.26

SE-aged ME-fresh
§2.51 + 10.79 0.19 + 0.03
157.9 + 6.5 173.3 + 4.0
2045 + 1.19 26.69 + 0.00
0.90 + 0.00 0.93 + 0.00

—10.28 + 2.01 —24.03
—=29.75 + 4.24 —61.16
—16.71 + 1.99 —22.34
—22.40 + 5.23 —30.96
38.81 + 0.17 39.19 + 0.11
206 + 2

ME-aged
39.11 + 043
156.9 + 8.2
26.41 + 0.01
0.93 + 0.00

—12.85

—40.15

—22.01

—26.55

38.73 + 0.05
184 + 2

literature
6.9-7.8%
131-137
24.89-26.91°
0.92°
—11.08¢
—657

37.61¢
>284"

“Refs 9, 35, 36. "24.89 (ref 9), 26.91 (ref 10), and 89.05 (ref 36) mm? s~* at 40 °C and 76.44 at 20 °C (ref 23). ©0.90—0.92 g cm™> at 20 °C (refs 9,
10, 23) and 0.92 g cm™ at 40 °C (ref 36). 9Ref 19, the peak temperature was estimated based on the DSC plot in that article. “Ref 36. TRef 10.

research is necessary to determine the cost-effective and
efficient ways to convert de-oiled seed cakes into animal feed
and shells into value-added chemicals and bioenergy.

3.2. Kukui Oil. The physicochemical properties of kukui
oils obtained from SE and ME are listed in Table 3 (data and
error estimates in Table S9 for SE oils from each location).
The FFA of aged seed oils (ASO) was found to be 2 orders of
magnitude higher than that of the fresh seed oil (FSO) and 5—
7-fold higher than the literature-reported values.

13,42,43 In
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general, up to 5% FFA may be found in crude vegetable oi
and the high FFA of ASO may be associated with cell damage
and the gradual decomposition of organic components, which
is also reflected by the color of the aged seeds. The density,
viscosity, and HHV of the FSO and ASO from both SE and
ME are similar and close to the literature-reported range for
kukui oils, 0.92 g cm™ at 15 °C,' %% 24.89-26.91 mm? s~}
at 40 °C,"*'* and 37.61 MJ/kg,* respectively. Figure 4A
shows the fatty acid profile (FAP) of the SE kukui oils (data

44
],
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Figure 4. Oil analysis: (A) FAP of kukui oils in comparison with that of kamani, pongamia,”” canola, soybean,*" jatropha,** and carinata oils.** (B)
DSC cooling curves of oils. Note: the data utilized for plotting are derived from the values presented in Table S5 of ref 22, Table 1 of ref 45, and

Table S of ref 46.

and error estimates and comparison with the literature values
in Tables S10 and S11) along with that of kamani, canola,?
pongamia,”> soybean,™ jatropha,** and carinata oils.*’
Although a significant difference was found between the FFA
contents of ASO and FSO, the FAPs of ASO and FSO are
almost identical, consistent with the results obtained from IV
analysis, ie., 161.4 and 157.9, respectively. The total
unsaturated fatty acids account for ~90%wt of the kukui oils
with linoleic acid (C18:2) as the primary acid, in good
agreement with the literature results summarized in Table S11.
Although the total unsaturated fraction of the kukui oil is
somewhat similar to that of canola oils, ~92%wt, the 114
iodine value of kukui oil is ~40% higher”* owing to the higher
fractions of linoleic (C18:2) and linolenic (C18:3) acids.
Consequently, kukui oil would require more hydrogen for
complete saturation, leading to increased cost and energy
consumption for hydrotreated renewable fuel production.
Additionally, when processed through transesterification, the
oil may produce less stable biodiesel.
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The degree of unsaturation in oils is also reflected in the
DSC crystallization curves. This is because the crystallization
curve is affected only by the chemical composition of the oils,
rather than the initial crystalline state, making it more
reproducible and simpler than the DSC melting curve.** The
information obtained, therefore, can be utilized to monitor the
oil quality and to track changes in oil properties over time,
such as during storage or processing.”’ Figure 4B compares the
DSC crystallization curve of kukui oil with kamani, pongamia,
and canola oils from DSC analysis. FSO has an onset liquid-to-
solid phase transition temperature (T,.(L-S)) over 60 °C
lower than that of pongamia and kamani oils due to their
higher level of unsaturation (~90%) compared to ~81 and
77% in pongamia and kamani oils, respectively. It is worth
noting that the FSO exhibits similar low-temperature
characteristics to commercial canola oil, despite the significant
difference in the fraction of unsaturated fatty acids, i.e., oleic
acid (C18:1) and C18:2 + C18:3 account for ~80%wt of the
total unsaturated fatty acids in canola and FSO, respectively.
Additionally, the DSC analysis revealed the deterioration of oil
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quality during long-term storage, despite the similarities in
FAP and viscosity between ASO and FSO. The liquid-to-solid
phase transition (L-S) temperatures of ASO, i.e., Tou (L-S)
and Ty, (L-S), are about 10 and 30 °C higher than those of
FSO, indicating the presence of higher melting temperature
compounds in ASO. In contrast, the flash point of ASO, 184
°C, is lower than the FSO, 206 °C, indicating the formation of
more volatile compounds in the aging process.

In summary, the physicochemical properties of FSO and
ASO were analyzed, with the FFA of ASO found to be
significantly higher than that of FSO and literature-reported
values. The density, viscosity, and HHV of both FSO and ASO
were similar and in line with the literature values. The FAPs of
ASO and FSO were nearly identical, with the total unsaturated
fatty acids accounting for ~90% wt. However, the high degree
of unsaturation in kukui oil, particularly with linoleic (C18:2)
and linolenic (C18:3) acids, makes it less stable and requires
increased cost and energy consumption for hydrotreated
renewable fuel production. The DSC crystallization curves of
the oils revealed the impacts of storage, with ASO showing the
formation of higher melting temperature as well as more
volatile compounds compared to FSO. Future research is
needed to explore methods for maintaining the oil quality and
to advance technologies for SAF production.

4. CONCLUSIONS

The fuel properties of kukui nuts from Hawaii were
comprehensively characterized. The physicochemical proper-
ties of the kukui seeds, shells, oils, and de-oiled seed cakes were
determined and compared with those of other tropical biomass
and oil plants. The following conclusions were drawn:

The kukui seeds yield >60%wt oil, at the upper range of
common commercial nuts.

The de-oiled seed cakes have a nitrogen content of
~10%wt, slightly higher than that of soybeans, and have
the potential to be utilized as a protein source.
Alkaline earth metals, Mg and Ca, were found to be the
primary ash-forming elements in the shells, accounting
for >80% of the total inorganic element mass, favorable
characteristics for thermochemical conversion.

The kukui oil contains >90% unsaturated C18 fatty acids
and has physicochemical properties most similar to
canola oil in a group that includes kamani, pongamia,
soybean, jatropha, and carinata oils.

The ASO has abnormally high levels of FFA and poorer
low-temperature properties in comparison with FSO,

which would affect oil stability.
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