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Abstract: Vegetable oil is extracted from oil rich seeds, such as soybeans. Genetic engineering of
green plants to accumulate oil in vegetative tissue is a future source of oil that promises increased
land productivity and the use of marginal lands. However, the low concentration of lipids in current
engineered plant biomass samples makes the oil extraction process challenging and expensive. In this
study, liquid hot water (LHW) pretreatment was investigated to enhance oil recovery from the solids
and increase enzymatic hydrolysis efficiency of such feedstocks. Corn germ meal was chosen as a
model feedstock representing lipid-producing energy crops. Germ meal was pretreated at 160 and
180 ◦C for 10 and 15 min at 20% w/w solids loading. Enzymatic hydrolysis on the pretreated solid
was performed. After pretreatment, the oil concentration increased by 2.2 to 4.2 fold. The most
severe pretreatment condition of LHW, at 180 ◦C for 15 min, gave the maximum oil concentration
(9.7%, w/w), the highest triacylglycerol (TAG) content of the extracted oil (71.6%), and the highest
conversions of glucose and xylose (99.0% and 32.8%, respectively). This study demonstrates that the
optimal pretreatment condition for corn germ meal is 180 ◦C LHW for 15 min. Pretreatment improves
lipids recovery from oil bearing biomass with little or no effect on the lipid profile.

Keywords: biodiesel; corn germ meal; hydrothermal pretreatment

1. Introduction

Biodiesel is an energy dense biofuel that is commonly produced from vegetable oils. Compared to
fossil diesel fuels, biodiesel supports comparable engine performance while emitting less particulates,
hydrocarbons, and carbon monoxide [1,2]. It aids the security of energy and environmental
protection. Its miscibility with fossil diesel allows the utilization of biodiesel blended diesel fuel,
which demonstrates some benefits from both fuels [3]. However, the biodiesel industry still faces a few
challenges: biodiesel has been reported to give a significantly higher NOx emission when combusted
in the engine [1]; the low oxidation stability of biodiesel imposes difficulties on its storage and supply
chain [3,4]. A major limitation of biodiesel production and commercialization is induced by the
feedstocks. In the US, biodiesel is primarily produced from soybean oil. Although 1.86 billion gallons
of biodiesel was produced in 2018 [5], the production level falls far short of US petroleum consumption,
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which was 8.69 billion gallons (567 thousand barrels per day) in 2018 [6]. Larger production of biodiesel
is constrained by low production yield of soybean and other oilseed crops and limited arable lands.

A proposed solution to the feedstock limitation is to target fatty synthesis for lipid accumulation
in vegetative tissue of plants with enhanced production yields and/or ability to grow on marginal
farmlands. The oil could be used for biodiesel production and the residual cellulosic biomass converted
to sugars for fermentation to other high value products and fuels. With advances in bioengineering,
lipid-producing energy crops have been successfully cultivated through metabolic engineering,
including sugarcane, tobacco, and potato plants [7–11]. These crops accumulate triacylglycerol (TAG)
in their vegetative tissues such as leaves and stems [7]. The success of this genetic manipulation
makes the lipid-producing energy crop a promising future feedstock that can be processed for the
simultaneous production of bioethanol from cell wall saccharides and biodiesel from vegetable lipids.

These crops, however, are still in an early stage of development. The challenge of utilizing these
feedstocks depends on efficient recoveries of oil and cell wall saccharides, which can be converted to
biofuels or chemicals. The low concentration of lipids in biomass would make it difficult and expensive
to extract oil. Lignocellulosic feedstocks consist of an entangled structure of cellulose, hemicellulose,
and lignin polymers. Pretreatment of feedstock is a necessary step to solubilize hemicellulose and
lignin and increase porosity and exposed surface area, and thus enhance enzymatic recovery of
monosaccharides [12]. Most of the current pretreatments in commercial development require the use
of acids and alkalis at high temperatures and pressures. These methods are likely not suitable for
pretreatment of oil-producing crops as the use of chemicals would degrade the oil. For example, use of
alkali can lead to oil saponification. The use of acids will require addition of base for neutralization and
can also cause saponification. Hydrothermal pretreatment, also known as liquid hot water pretreatment,
is a process where biomass is treated with liquid water at high temperatures (160 to 240 ◦C) [13]
without an added catalyst. Auto-ionization of water generates hydronium ions that catalyze the
solubilization of hemicelluloses. This method also generates fewer amounts of inhibitors compared to
other methods [14].

The objective of this work is to investigate hydrothermal processing of biomass to improve oil
concentrations and the saccharification of pretreated solids. The hypothesis is that the pretreatment
of biomass would solubilize hemicellulose and partially remove lignin, producing oil-concentrated
solids that should be more amenable to efficient and inexpensive oil extraction. Corn germ meal, solid
residues after oil extraction from corn germ, was used as a model feedstock. Corn germ meal is the
solid residue after oil extraction from corn germ in a wet milling facility [15]. It is commonly combined
with corn fiber to produce corn gluten feed, which is used as a nutrient in ruminant animal diets [16].
There is typically 2.5% oil content on a dry basis (db) remaining in commercial corn germ meal [15],
which corresponds to an oil content smaller than 3% (db) generally expected for lipid-producing energy
crops [10,17,18]. Lipids exist as lipid droplets (LD) in both germ meal and vegetative tissue [19,20].
Thus, corn germ meal can be modeled as a lignocellulosic biomass with vegetative lipid, representing
innovative energy crops accumulating lipids. Effects of hot-water pretreatment temperature and
residence time on the fate of oil (both quantity and quality) and subsequent enzymatic digestion of the
residual material to sugars from corn germ meal were investigated.

2. Materials and Methods

2.1. Corn Germ Meal Samples

The corn germ meal was obtained from commercial wet milling. The fresh samples were dried
under 45 ◦C for 24 h, and the moisture content was reduced to below 5%. The dried samples were
stored at 4 ◦C.
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2.2. Lab-Scale Hot Water Pretreatment (LHW)

Corn germ meal (4 g) was mixed with a pre-calculated amount of deionized water to achieve
20% w/w solids, and loaded in 50 mL stainless steel tube reactor (316 stainless steel tubing with
1.905 cm outer diameter × 0.165 cm wall × 10.478 cm length, SS-T12-S-065–20, Swagelok, Chicago
Fluid system Technologies, Chicago, IL, USA) capped with a stainless steel cap (316 stainless steel,
SS-1210-C, Swagelok, Chicago Fluid system Technologies, Chicago, IL, USA). The reactors were
submerged in a fluidized sand bath (IFB-51 Industrial Fluidized Bath, Techne Inc., Burlington, NJ, USA)
to reach a target temperature and were held for the required residence time. Reaction temperatures
were reached within 5 min by rapid heating. The temperature inside the reactor was determined
using a thermocouple (Penetration/Immersion Thermocouple Probe Mini Conn (−250 to 900 ◦C),
Mc Master-Carr, Robbinsville, NJ) inserted into one tube reactor filled with an equal amount of water,
and connected to a data logger (HH306/306A, Datalogger Thermometer, Omega, Stamford, CT, USA).
After holding the tubes at a set temperature for the desired time, the reaction was quenched by
submerging pipe reactors into cold water.

Based on the literature studies [21], four pretreatment conditions (160 and 180 ◦C temperature
for 10 min and 15 min residence time) were investigated in this work. The severity of the individual
pretreatment condition was measured using Equation (1) from [22–24]:

Ro = t× exp[(T− 100)/14.75] (1)

where Ro = the severity parameter; t = residence time (min); T = the pretreatment temperature (◦C).
Log Ro is used to represent the log severity factor.

After the pretreatment, the mixture was separated into solid and liquid portions through
centrifugation at 10,000 rpm for 15 min. The solid portion was air dried at 45 ◦C for 24 h, and ground
using a blender (KitchenAid, St. Joseph, MI, USA). The liquid portion was filtered to separate the
remaining solids. The filtrates were analyzed by HPLC (Bio-Rad Aminex HPX-87H, Biorad, Hercules,
CA, USA) for monosaccharides concentration. Mass balance was performed to determine the amounts
of liquids and solids recovered after pretreatment.

2.3. Lipid Extraction and Analysis

Lipids extraction from the raw germ meal, pretreated germ meal, and solid residues after
hydrolysis was determined using the protocol used by [18] for lipid-producing sugarcane. Sample (~1 g
dry weight) was mixed in a 50 mL centrifuge tube with hexane (15 mL) and isopropanol (10 mL) and
homogenized twice for 1 min respectively using a homogenizer (LabGen 700, Cole Parmer, Vernon Hills,
IL, USA). A wrist-action shaker (HB-1000 Hybridizer, UVP LLC, Upland, CA, USA) was used to shake
the mixture for 10 min at ambient temperature. After sodium sulfate solution (16 mL, 6.7%, w/v) was
added, the mixture was shaken for another 10 min. The mixture was separated through centrifugation
for 20 min at 200 rpm, and then the top liquid layer was transferred into a 50 mL centrifuge tube
and evaporated with nitrogen. The mass of the tube before and after evaporation of the solvent was
weighed on an analytical balance. The method assumes isopropanol and hexane solvent extracted
100% oil from the sample [18].

For the oil quality analysis, the dried oil samples were dissolved at 10 mg/mL using 90% of hexane
and 10% of 2-propanol, then filtered through a 0.45 µm teflon filter before injecting 10 µL onto the HPLC
for analysis of hydrocarbons (HC), steryl esters (SE), triacylglycerols (TAG), diacylglycerols (DAG),
monoacylglycerols (MAG), free fatty acids (FFA), and steryl ferulates (SF) according to a modification
of the method of [25]. The HPLC consisted of a Shimadzu (Columbia, MD, USA) LC-20AT low pressure
gradient elution pump with a 20AS autosampler, column oven, and SPD-M20A photodiode array
(PDA), and a Model—LTII evaporative light scattering detector (ELSD) (Shimadzu, Columbia, MD,
USA) operating in series. The PDA cell was set to 40 ◦C and was operated in scan mode (200–500 nm)
as well as at set wavelength of 325 nm. The ELSD was operated at 40 ◦C and used 99.99% pure nitrogen
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at 3.5 Bar as the nebulizer gas. Sample peaks were separated on a YMC Diol 3.0 mm × 150 mm (5 µm)
column (YMC America, Allentown, PA, USA) held in an oven at 40 ◦C. The mobile phase consisted
of two solvents; solvent A is hexane with 0.4% acetic acid, solvent B is 2-propanol, the flow rate was
1 mL/min. The solvent program was 10 min with 100% solvent A, linear ramp at 10 to 12 min to 10%
solvent B. This was held until 17 min., then returned to 100% A until the program end at 27 min.
Data were collected and peaks were integrated using EZ-Start chromatography v. 7.3.

External standard curves were constructed by injecting triacontane, cholesteryl oleate, glyceryl
tri-, di-, and mono-oleate, oleic acid, and cholesterol at concentrations ranging from 0.05 to 1 mg/mL,
except for glyceryl tri-oleate, which ranged from 0.05 to 5 mg/mL. A standard mix at 0.25 mg/mL was
injected after every four samples to ensure reliability of the detectors and consistency in retention
times, along with solvent blank runs to ensure there was no carryover. The lower limit of quantitation
based on the method parameters was determined to be 0.005 mg/mg for each lipid class.

2.4. Compositional Analysis of Raw and Pretreated Corn Germ Meal

Chemical composition of raw and pretreated corn germ meal was analyzed using the method
from the Laboratory Analytical Procedure for biomass analysis from the National Renewable Energy
Laboratory (NREL). Extractives were removed through deionized water and ethanol extraction
following the Soxhlet method of NREL/TP-510-42619 [26]. Carbohydrates in samples were determined
by two step acid hydrolysis with sulfuric acid according to NREL/TP-510-42618 [27]. Hydrolyzed
samples were vacuum filtered through filtering crucibles. The filtrates were analyzed by HPLC
(Bio-Rad Aminex HPX-87H, Biorad, Hercules, CA, USA) to determine carbohydrate content; acid
soluble lignin (ASL) concentration was determined by a spectrophotometer (Evolution 60S UV-Visible
Spectrophotometer, Thermo Scientific, Waltham, MA, USA). The solid residue was dried in a 105 ◦C
oven and further turned into ash in a muffle furnace at 575 ◦C to determine acid insoluble lignin (AIL)
and ash contents according to NREL/TP-510-42622 [28].

2.5. Enzymatic Hydrolysis of Raw and Pretreated Corn Germ Meal

Untreated germ meal and solids fraction obtained after pretreatment were hydrolyzed using
commercial enzymes to determine the effect of pretreatment on the hydrolysis efficiency. The protocol
for hydrolysis was adapted from [22]. Biomass was hydrolyzed at 10% (w/w) solid loading at total
working volume of 25 mL in 50 mL centrifuge tubes. Citrate buffer (0.05M) was used to maintain the
pH 5.0 during hydrolysis. A mixture of cellulase and hemicellulase, enzyme NS22,257 (Novozymes
North America, Inc., Franklinton, NC, USA), whose enzyme activity is 231 FPU/mL, was added at
11.27 mg cellulase protein/g dry substrate. The hydrolysis was performed at 50 ◦C and 120 rpm for
72 h in an incubator. Hydrolysis for each pretreated biomass was conducted in duplicate, and enzyme
blanks were used to eliminate background sugar concentration. Samples were withdrawn every 24 h,
prepared and analyzed using HPLC for sugar concentrations. Sugar conversion was calculated as
the ratio of actual sugar yields to theoretical yields from carbohydrate contents in the corresponding
hydrolyzed samples.

2.6. HPLC Analysis for Compositional and Sugar Analysis

Monosaccharide concentration of filtrates from LHW, compositional analysis, and enzymatic
hydrolysis were analyzed by HPLC (Bio-Rad Aminex HPX-87H, Biorad, Hercules, CA, USA). Filtrates
were obtained via 0.2 µm PTFE filter.

2.7. Data Analysis

Analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test were
performed using (R software, 3.6.1, www.r-project.org) to compare means of lipid content, composition
of samples, and sugar conversion. All experiments were conducted in duplicate. The level with
statistically significant difference was chosen as 5% (p < 0.05).

www.r-project.org
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3. Results and Discussions

3.1. Effect of LHW Pretreatment on Lipid Recovery and Solid Recovery Rate

Raw corn germ meal was found to contain 2.3% lipids. This lipid composition agrees with
a previous study that reported 2 g of oil in 100 g of dry germ meal [15]. Partial solubilization of
cellulose, hemicellulose, and lignin during LHW pretreatment was expected to enhance lipid recovery
from pretreated solids. Temperature and residence time used for LHW are critical process factors for
improving lipid content in the recovered pretreated solids (p < 0.05). Lipid content of pretreated solid
(% w/w) from lipid extraction are graphed on Figure 1. As pretreatment severity was increased, lipid
contents increased by 2.2 to 4.2 fold. LHW at 180 ◦C for 15 min gave the highest lipid content (9.7%).
Detailed results of ANOVA and HSD test for lipid content are present in Table A1 in Appendix A.
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Figure 1. Lipid content of dry LHW-pretreated solid (%, w/w) from lipid extraction.

The absolute lipid yield (mg of lipid/g of raw biomass) was calculated as the product of dry solids
recovery rate (%, w/w) and lipid content of the pretreated solids. Solids recovery (%, w/w) and lipid
yield are presented in Table 1. Lipid content was inversely correlated to biomass recovery following
LHW. As pretreatment severity increased residual solids decreased from 48.8 to 35.2%, while conversely
lipid yield increased 1.1 to 1.5 fold. LHW at 180 ◦C for 15 min gave the highest lipid yield (34.0 mg of
lipid/g of raw biomass). Therefore, 180 ◦C LHW for 15 min is the optimal processing condition to use
for lipid extraction from germ meal.

Table 1. Solid recovery (%, w/w), and lipid yield (mg of lipid/g of raw biomass) from mass balance and
lipid extraction 1.

Pretreatment Condition Severity Factor Solid Recovery
(%, w/w)

Lipid Yield
(mg of Lipid/g of Raw Biomass)

Untreated N/A N/A 23.4
160 ◦C LHW/10 min 2.8 48.8 ± 3.1 25.1
160 ◦C LHW/15 min 3.0 42.3 ± 2.1 26.1
180 ◦C LHW/10 min 3.4 36.8 ± 1.0 33.0
180 ◦C LHW/15 min 3.5 35.2 ± 0.4 34.0
1 Results for solid recovery and lipid content of dry processed solid are represented as mean ± standard deviation.
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3.2. Effect of LHW Pretreatment on Lipid Components of Corn Germ Meal

The lipid compositions of the oil extracted from raw and pretreated corn germ meal solids are listed in
Table 2. Major components in oil include triacylglycerols (TAG), diacylglycerols (DAG), monoacylglycerols
(MAG), free fatty acids (FFA), steryl esters (SE), steryl ferulates (SF), and hydrocarbons (HC). TAG,
MAG, and DAG are precursors for biodiesel production by transesterification.

Table 2. Lipid components of the total extracted oil from untreated and dry LHW-pretreated solid 1.

Lipids Untreated 160 ◦C
LHW/10 min

160 ◦C
LHW/15 min

180 ◦C
LHW/10 min

180 ◦C
LHW/15 min

Triacylglycerols (%, w/w) 52.5 ± 10.9 64.7 ± 6.6 70.4 ± 8.5 63.6 ± 7.1 71.6 ± 4.8
Diacylglycerols (%, w/w) 2.4 ± 0.6 3.9 ± 0.5 5.4 ± 0.9 9.9 ± 3.1 13.5 ± 0.6

Monoacylglycerols (%, w/w) BDL 2 0.4 ± 0.3 0.6 ± 0.0 1.5 ± 0.3 2.4 ± 0.4
Free Fatty Acids (%, w/w) BDL 2 BDL 2 BDL 2 0.1 ± 0.3 0.3 ± 0.6

Steryl Esters (%, w/w) 0.9 ± 0.2 1.1 ± 0.1 1.2 ± 0.1 1.2 ± 0.2 1.3 ± 0.1
Steryl Ferulates (%, w/w) 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.5 ± 0.0 0.5 ± 0.0
Hydrocarbons (%, w/w) 5.6 ± 1.1 1.9 ± 0.2 1.7 ± 0.1 2.0 ± 0.3 2.0 ± 0.6

1 Results are represented as mean ± standard deviation. 2 BDL = below the detectable limit (0.5%, w/w).

Significant increase (26 to 60%) in the TAG, DAG, and MAG content was observed between
untreated and pretreated corn germ samples. Additionally, a slight increase in these compounds was
observed with increase in pretreatment severity. LHW at 180 ◦C for 15 min gave the highest TAG,
DAG, and MAG concentrations (71.6%, 13.5%, and 2.4%, respectively). This increase primarily results
from hydrolysis of some of the structural and storage carbohydrates into the liquor fraction due to the
pretreatment. Khor et al., 2019, also reported that pretreatment at elevated temperatures (160, 170,
and 180 ◦C) cause oxidation and polymerization of TAG, thus leading to TAGs with higher molecular
weight. An increase in TAG, DAG, and MAG will be beneficial for biodiesel production.

FFA, including palmitic acid, stearic acid, oleic acid, and linoleic acid, were present in trace
quantities, and thus specific fatty acids were not determined. FFAs form soaps and emulsify with
alkali catalyst during transesterification, inhibiting biodiesel yield and the purification process [29–31].
A FFA content above 3% has been reported to hinder transesterification and needs to be neutralized
via an acid pretreatment [29,31,32].

Small increase in minor constituents (steryl esters (SE), steryl ferulates (SF), and hydrocarbons
(HC)) was also observed with pretreatment severity and was also primarily due to concentration
effects. SE and SF were found at low concentrations, showing no remarkable differences under various
pretreatment conditions. HC, identified from a peak with the same retention time as triacontane,
was detected at low level in all the solids. Saponifiables and HC are undesired components since
they would escalate precipitation in biodiesel [33]. LHW pretreatment had a negligible effect on
saponifibales contents.

The sums of the major lipid components were below 100% for all the solids, and unknown peaks
based upon different retention times from any of the analytical standards used for peak identifications
were detected, indicating the existence of other unidentified lipids in the extracted oil. Overall, the lipid
profile of pretreated corn germ meal samples improved with the pretreatment process. These results
are indicative that LHW pretreatment of oil-bearing biomass improves the recovery of vegetative oil
without detrimentally affecting the lipid profile.

3.3. Effect of LHW Preatment on Corn Germ Meal Composition

The chemical compositions of raw and pretreated corn germ meals are listed in Table 3. Major
measured components include (ethanol/water) extractives, glucan, xylan, acid insoluble lignin (AIL),
acid soluble lignin (ASL), and ash.
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Table 3. Compositions (% w/w) of raw and pretreated corn germ meal samples 1.

Pretreatment
Condition

Severity
Factor Extractive Glucan Xylan AIL 2 ASL 3 Ash

Untreated N/A 13.6 ± 0.2 a 31.0 ± 1.1 a 22.4 ± 0.8 a 5.1 ± 0.1 a 8.4 ± 0.03 a 0.0 ± 0.0 a
60 ◦C LHW/10 min 2.77 14.6 ± 1.8 a 28.9 ± 0.9 a 8.3 ± 0.0 b 8.1 ± 2.8 ab 10.6 ± 0.5 b 1.1 ± 0.3 a

160 ◦C LHW/15 min 2.94 19.8 ± 2.7 a 26.5 ± 1.8 ab 6.9 ± 0.8 bc 12.0 ± 1.2 b 9.1 ± 0.1 ab 1.8 ± 0.6 a
180 ◦C LHW/10 min 3.36 27.4 ± 2.2 b 22.4 ± 0.5 bc 5.0 ± 0.2 cd 17.9 ± 1.4 c 8.5 ± 1.3 a 0.9 ± 0.3 a
180 ◦C LHW/15 min 3.53 31.4 ± 3.3 b 20.9 ± 1.1 c 3.6 ± 0.8 d 24.0 ± 1.2 d 6.0 ± 0.9 c 0.9 ± 0.2 a

1 Results are represented as mean ± standard deviation. Data within one column without same letters were
siginificantly different (p < 0.05). 2 AIL = acid insoluble lignin. 3 ASL = acid soluble lignin.

Raw corn germ meal sample consists on a mass basis of 13.6% extractives, 31.0% glucan, 22.3%
xylan, 5.1% AIL, 8.4% ASL, and 0.03% ash. As the severity factor of pretreatment increased, extractives
content increased, and samples pretreated at 180 ◦C LHW for 15 min contained 31.4% extractives.
This trend was expected because more severe pretreatment conditions would hydrolyze and degrade
greater amounts of carbohydrates and produce soluble sugars that end up as extractives [21,22].
Cellulose content of pretreated germ meal decreased from 28.9 to 20.9%; hemicellulose content
decreased from 22.3% to 3.6%. AIL increased from 8.1 to 24.0%, while ASL decreased from 10.6 to 6.0%.
Ash content slightly decreased at high pretreatment severity.

Hot water pretreatment with high severity factor solubilizes large amounts of xylan and lignin
and provides access to glucan [34]. As the severity factor increased, xylan concentration decreased by
62.9 to 83.9%. A similar trend has been observed in other studies with sugarcane bagasse [21] and
biomass sorghum [22]. This is a desirable effect of LHW since hydrolysis of hemicellulose exposes
cellulose to enzymatic saccharification. Total lignin content (AIL + ASL) increased from 18.7 to 30.0%
with increased severity. Lignin was concentrated due to the greater solubilization of hemicellulose and
cellulose during the pretreatment. A similar observation was reported after hydrothermal pretreatment
of corn stover [23]. A large amount of solubilized xylan could also be further degraded to pseudo-lignin
from reaction of released sugars and lignin components, which likely aids in explaining the trend
of total lignin content [35]. As pretreatment conditions became more severe, cellulose concentration
declined by 6.8 to 32.6%. Cellulose in corn germ meal should be more accessible and sensitive to
pretreatment conditions because of the physical and chemical treatment during wet milling process
and oil extraction process [36]. Although this increasing solubilization of glucan demonstrates a
partial loss of fermentable sugars, it indicates LHW greatly improved accessibility of cellulose to
enzymatic hydrolysis.

3.4. Effect of LHW Pretreatment on Sugar Conversion

Sugar yields from hydrolysis of raw and pretreated solid samples are graphed in Figure 2. Detailed
results of ANOVA and HSD test for lipid content are present in Table A1 in Appendix A. With greater
pretreatment severity, glucose and xylose yields increased by 1.1 to 1.5 and 2.9 to 4.4 fold, respectively.
At 180 ◦C for 10 min, LHW gave glucose conversion (99.2%) and xylose conversion (34.5%); at 180 ◦C
for 15 min, LHW gave glucose conversion (99.0%) and xylose conversion (32.8%). The difference
between LHW at 180 ◦C for 10 min and 15 min was insignificant (p > 0.05), so both conditions led to
maxima glucose and xylose conversions.

LHW pretreatment is intended to solubilize hemicellulose and lignin, thus increasing accessibility
of cellulose to cellulases. Increased yields of monosaccharides indicate a pretreatment condition that
leads to higher accessibility of cellulose. Therefore, LHW at 180 ◦C for both 10 and 15 min are the
optimal pretreatment conditions to promote cellulose accessibility.
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3.5. Structure of Corn Germ Meal and LD

Corn germ meal has a structural carbohydrate different from typical lignocellulosic biomass.
Corn germ physiologically stores oil, nutrients, and minerals in a corn kernel required for growth
of the seedling. It is mainly composed of embryonic axis and scutellum. Embryonic axis, where the
new plant originates, contains the main root. Scutellum shields and transfers nutrients for embryonic
axis [37]. The scutellum is mainly composed of four tissues, including epithelium, parenchyma,
epidermis, and provascular tissue. The physical characteristic of these tissues enables scutellum to
act as a storage organ where 90% of the lipids present in a kernel is stored [38]. Lipids are stored
within LDs in germ. A structure model of LDs from corn was proposed by [20]: lipids are surrounded
by a phospholipid monolayer and oleosin molecules (alkaline proteins) that interact and cover the
phospholipid molecules. The LDs from corn have been reported to present an average diameter of
1.45 µm and to consist of 97.6% neutral lipids including TAG, DAG, and SE, 1.4% proteins and 0.9%
phospholipids [19,39,40]. LDs need to be disrupted chemically or physically to release the lipids [41].
Theoretically, the major effect of LHW pretreatment on oil in germ meal is to break the oil bodies and
release more lipids, which partially explains the enhanced lipid recovery after LHW.

Lipids accumulated in various vegetative tissues also exist as LDs that have a similar basic structure
as LDs from corn and other seeds. This similarity implies LHW could have a comparable effect on
oil-bearing energy crops. However, LDs from various vegetative tissues have been observed with some
distinctions: they vary substantially in size [42]; lipid droplet-associated proteins (LDAP) instead of
oleosins shape and stabilize the droplets [19,42]; the function of LDs in tissues are dynamic and poorly
understood [19,43,44]; compositions of neutral lipids in LDs in various tissues are diverse [45,46].
The distinctions with respect to biomass structure and LD characteristics impose some uncertainties on
how LHW pretreatment would affect the lipid recovery from lipid-enriched energy crops.

3.6. Effect of Enhanced Lipid Recovery on Commercial Model

A few companies have developed and implemented technologies to produce cellulosic ethanol
from corn fiber. Edeniq’s technology “Intellulose” was designed to produce ethanol from carbohydrates
present in both corn fiber and corn starch in a dry grind process [47]. It increased ethanol yield from
2.8 to 3.0 gal bu−1. It also increased oil production, which added $5.1 M additional income for the
plant. ICM’s “Gen 1.5” (Generation 1.5 Grain Fiber to Cellulosic Ethanol Technology) was designed
to separate corn fiber from corn kernel and convert it to cellulosic ethanol in an additional cellulosic
fermentation step in a dry grind process [48]. “Gen 1.5” also utilizes ICM’s patented technology
Selective Milling Technology (SMT) to treat corn slurry, thus increasing accessibility to starch and oil
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during the process. This process increased ethanol yield by 7 to 10%. It also increased oil recovery
rates [49]. In summary, current corn fiber conversion technologies that provide a higher oil production
lead to higher profit from the plant. The LHW pretreatment described in this paper increased lipid
concentration by 2.2 to 4.2 fold, thus delivering higher oil recovery rates. A commercial model utilizing
the pretreatment process is expected to have higher total oil production and total profit. Detailed
economic analysis could be performed in the future to investigate how much additional income could
be gained from the lipid enhancement after pretreatment.

4. Conclusions

The optimal hydrothermal pretreatment condition for corn germ meal is at 180 ◦C with a holding
time of 15 min, giving the maximum lipid yield of 34.0 mg of lipid/g of raw biomass, lipid concentration
of 9.7%, 71.6% TAG purity of the extracted oil, glucose conversion of 99.0%, and xylose conversion
of 32.8%.

For pretreated solids from corn germ meal, lipid content, and TAG purity of the extracted oil
increased with the pretreatment severity. A similar trend of increased lipid recovery with more severe
pretreatment is expected for vegetative lipid-producing engineered energy crops such as tobacco leaves,
sugarcane, and sorghum. This research demonstrates an innovative approach to efficiently process
these engineered energy crops by addressing the issue of low oil concentrations and simultaneously
recovering sugars for biofuel production.

5. Patents

A provisional patent application has been filed from this work (U.S. Patent Application
No.: 62/945,438).
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Appendix A

ANOVA and HSD test were performed to compare results from lipid content, compositional
analysis and sugar conversion. Detailed test reults for compositional analysis are shown in Table 3 in
Section 3.3 above. Detailed comparison results for lipid content and sugar conversion are present in
Table A1 below.

Table A1. Data analysis of lipid content (%, w/w), glucose conversion (%, w/w) and xylose conversion
(%, w/w) of raw and pretreated corn germ meal samples 1.

Experiment Data Untreated 160 ◦C
LHW/10 min

160 ◦C
LHW/15 min

180 ◦C
LHW/10 min

180 ◦C
LHW/15 min

Lipid Content (%, w/w) a b b c c
Glucose Conversion (%, w/w) a a b b b
Xylose Conversion (%, w/w) a b bc c c

1 Results are represented as mean ± standard deviation. Data within one row without same letters were siginificantly
different (p < 0.05).
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