1. Award Information

Award Number: DE-EE0006063

Project Title: Pt-based Bi-metallic Monolith Catalysts for Partial Upgrading of
Microalgae Oil

Project Period: 01/07/13 — 12/31/14 (No-cost Extension till 12/31/14)

Recipient: Stevens Institute of Technology

Castle Point on Hudson

Hoboken, NJ 07030

13" Congressional District
Project Location:  Stevens Institute of Technology

Technical Contact: Adeniyi Lawal (PI, Stevens), (201) 216-8241, alawal@stevens.edu

Partners: Valicor Renewables, LLC (formerly SRS Energy)
7400 Newman Blvd.
Dexter, Michigan 48130
Brian Goodall (Co-PI)
(734) 253-2873

Columbia University

500 West 120" Street

New York, NY 10027

Prof. Robert Farrauto (Co-Pl)

2. No distribution limitations
3. Executive Summary

Valicor’s proprietary wet extraction process in conjunction with thermochemical pre-treatment
was performed on algal biomass from two different algae strains, Nannochloropsis Salina (N.S.)
and Chlorella to produce algae oils. Polar lipids such as phospholipids were hydrolyzed, and
metals and metalloids, known catalyst poisons, were separated into the aqueous phase,
creating an attractive “pre-refined” oil for hydrodeoxygenation (HDO) upgrading by Stevens. Oil
content and oil extraction efficiency of approximately 30 and 90% respectively were achieved.

At Stevens, we formulated a Pt-based bi-metallic catalyst which was demonstrated to be
effective in the hydro-treating of the algae oils to produce ‘green’ diesel. The bi-metallic catalyst
was wash-coated on a monolith, and in conjunction with a high throughput high pressure (pilot
plant) reactor system, was used in hydrotreating algae oils from N.S. and Chlorella. Mixtures of
these algae oils and refinery light atmospheric gas oil (LAGO) supplied by our petroleum refiner
partner, Marathon Petroleum Corporation, were co-processed in the pilot plant reactor system
using the Pt-based bi-metallic monolith catalyst. A 26 wt% N.S. algae 0il/74 wt % LAGO mixture
hydrotreated in the reactor system was subjected to the ASTM D975 Diesel Fuel Specification
Test and it met all the important requirements, including a cetane index of 50.5. An elemental
oxygen analysis performed by an independent and reputable lab reported an oxygen content of
trace to none found. The successful co-processing of a mixture of algae oil and LAGO will
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enable integration of algae oil as a refinery feedstock which is one of the goals of DOE-BETO.
We have presented experimental data that show that our precious metal-based catalysts
consume less hydrogen than the conventional hydrotreating catalyst NiMo Precious metal
catalysts favor the hydrodecarbonylation/hydrodecarboxylation route of HDO over the
dehydration route preferred by base metal catalysts, and consumes less hydrogen, if
methanation can be mitigated. Our methanation data on Pt and Rh indicate effective
suppression of methanation. Our data also show that our catalysts are less susceptible to
coking; and unlike NiMo and CoMo, precious metal catalysts are not deactivated by water, a by-
product of HDO of algae oil. Finally, our catalysts do not need to be sulfided to be active.

A rigorous techno-economic analysis of our process for commercial scale production of 10,000
barrels per day of hydrotreated algae oil, with nutraceuticals co-product claiming only 0.05% of
the raw algae oil, indicates an estimated plant gate price of ~$10/gal. Sensitivity analysis shows
that critical parameters affecting sale price include (1) algae doubling time (2) biomass oll
content (3) CAPEX, and (4) moisture content of post extracted algae residue. Modest
improvements in these areas will result in enhanced and competitive economics. Based on a life
cycle assessment for greenhouse gas emission, we found that if algae oil replaced 10% of the
US consumption, this would result in a CO2e reduction of 210,000 tons per day. Improving the
drying process for animal feed by 50% would result in further significant reduction in CO2e

4. Project Accomplishments

The following are the major accomplishments of this project:

o Developed in-house at Stevens, reliable analytical methods for obtaining the fatty acid
profile of algae oils, and hydrocarbon product distribution in hydrotreated products.

e Valicor's wet extraction technology produced algae oils from two strains of microalgae,
Nannochloropsis Salina (N.S.) and Chlorella, with low levels of metals, mettaloids and polar
lipids which otherwise would be poisons for hydrotreating catalysts.

o The pre-refined algal oil exceeded all the set analytical specs (Nitrogen, Sulfur and
Phosphorus)

o Valicor achieved oil content and oil extraction efficiency of approximately 30 and 90%
respectively for Nannochloropsis Salina, the workhorse algae of the industry

o Stevens designed, constructed and operated two reactor systems for the HDO of algae oils,
one a low flow rate microreactor system (for catalyst screening) and the other, a flexible high
flow rate, high pressure (pilot plant) reactor system capable of operating as either a trickle-
bed reactor or a monolith reactor

e Stevens evaluated 15 catalysts for HDO of algae oils, 13 in particulate form and 2 wash-
coated on a monolith

o Stevens formulated a Pt-based bi-metallic catalyst which was demonstrated to be effective
in hydrotreating of algae oils to ‘green’ diesel.

o The Pt-based bi-metallic catalyst was washcoated on a monolith and used successfully in
hydrotreating mixtures of algae oils and light atmospheric gas oil (LAGO) supplied by our
petroleum refiner partner, Marathon Petroleum Corporation

o A 26 wt% N.S. algae oil/74 wt % LAGO mixture hydrotreated in the reactor system was
subjected to the ASTM D975 Diesel Fuel Specification Test and it met all the important
requirements, including a cetane index of 50.5. An elemental oxygen analysis performed by
an independent and reputable lab reported an oxygen content of trace to none found.

o Our experimental data below show that our precious metal-based catalysts consume less
hydrogen than the conventional petroleum refining hydrotreating catalyst NiMo

o Our experimental data below show that our precious metal-based catalysts are effective in
mitigating methanation which otherwise would be consuming a significant amount of H,



o We have shown below experimentally that our precious metal-based catalysts are less
susceptible to coke formation in comparison to NiMo
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Unlike NiMo and CoMo, precious metal catalysts are not deactivated by water, a by-product
of HDO

Unlike NiMo and CoMo, precious metal catalysts do not need to be sulfided to be active

We secured a ‘letter of intent’ from Marathon Petroleum Corporation, the fourth largest
refiner in the US stating their intent to work with us in the current, as well as the next phase
of the project. This is an important award goal set by DOE-BETO.

As a further demonstration of their commitment to the success of the project, MPC provided
us with five gallons of refinery LAGO which was co-processed with algae oils. MPC also
provided guidance on hydrotreating of algae oils

We also secured a ‘letter of intent’ from Qualitas Health LLC on their interest to collaborate
with us in the commercial scale growth and harvesting of microalgae

Scoular Company expressed, in an email, their interest in working with us to evaluate the
animal feed co-product from our integrated enterprise in the next phase of the project
Completed a ‘Techno-economic Analysis of Microalgae Production and Conversion into
Refinery Ready Oil with Co-Product Credits

Completed a study of the Life Cycle Assessment of our integrated process



5. Project Activities
Task 1: Chemical and Physical Characterization of Process Streams (Stevens & Valicor)
. Summary

As indicated in Figure 1.1, there are four process streams involved in our hydro-deoxygenation
process; two gas streams and two liquid streams, with each stream requiring its own
characterization method. The gas stream, either feed or product was analyzed using GC-TCD
while the hydrocarbons in the liquid product were identified and quantified via GC-FID.
Elemental analysis (CHNS) was performed by Robertson Microlit Laboratories, LLC,
Ledgewood NJ while oxygen analysis was carried out by MidWest MicroLab LLC, Indianapolis,
Indiana. Valicor Renewables performed both acylglycerides and fatty acid analyses of the algae
oil samples used in the project. Stevens also developed an analytical procedure based on a
method provided by Synthetic Genomics Inc. to determine the fatty acid profile of both liquid
feed and liquid product. New Jersey Food Lab (NJFL), an analytical lab with national reputation
was used to confirm the fatty acid profile from Valicor, and Stevens when deemed necessary.

H2 Gas Feed Gas Product

Reactor /
Liquid Feed / \‘

Algae Oil + Carrier Liquid (Dodecane, (Light
Atmospheric Gas Oil (LAGO))

Liquid Product

Figure 1.1: Process streams for the HDO of algae oil
Il. Gas Feed and Gas Product Analysis

Although the gas feed for the hydro-treating experiments was pure hydrogen, Ho/N, mixture was
used for catalyst reduction (see Task 3 below) and in the first few hours of the hydro-treating
experiment, it was not unusual to detect N, in the product gas because it took quite some time
for all the N, to be purged from the system during the hydro-treating experiment. In addition to
H> and N, the gas product could contain other gases, namely CO, CO,, and CH,, which are
products of hydro-treating (see Fig. 1.4 below). An analytical method was developed for
detecting and quantifying all these gases. Gas stream, either the feed or the product, was
analyzed and quantified using Shimadzu GC-14B with a thermal conductivity detector (TCD)
and two capillary columns (MS-5A and HP-Plot Q). Calibration curves were prepared using
standard mixtures of the gases at low molar composition of H, in conjunction with known
metered gas mixtures at high molar composition of H,. Propane (C3Hs), although a product of
hydrogenolysis (Fig. 1.4 below), was not included in the product analysis.

Ml Elemental Analysis of Liquid Feed and Liquid Product

1. CHNSP Analysis of Nannochloropsis Salina Algae Oil



The CHNSP elemental compositional analysis of liquid streams was performed by Robertson
MicroLit Laboratories, LLC (Ledgewood, NJ). All the algae oils processed in this project were
supplied by Valicor Renewables, LLC. The project started with algae oil extracted from the
Nannochloropis Salina (N.S.) algae strain, considered as the workforce of the algae industry.
The results of the elemental analysis of the Nannochloropsis Salina algae oil are shown in Table
1.1 below.

Table 1.1: Elemental Analysis of Nannochloropsis Salina Algae Oil

C (wt %) 76.29
H (wt %) 11.22
N (wt %) 0.43
S (ppm) 2033
P (ppm) 246
O (wt %) 12.06

The oxygen content was obtained by difference, and this approach is usually reliable at high
values of oxygen content. For accurate determination of oxygen content at low values (< 2wt%),
we relied on the services of another analytical lab, MidWest MicroLab LLC, Indianapolis, Indiana
which has developed a method capable of accurately determining oxygen content to levels as
low as 0.3 wt%. The results are presented and discussed in Task 3 below.

lll.2. Analysis of Metal Content of Chlorella Algae Oil

In addition to Nannochloropsis Salina, another commonly grown algae strain, Chlorella was
processed for oil production in this project. The Chlorella biomass was provided by Arizona
State University to Valicor, which used their wet hexane extraction platform (see Task 2 below)
to extract the oil. The analyses of algae oils were expanded by Valicor to include metals.
Measuring the metal content in the oil is important since they are potent catalyst poisons.

As can be seen in Table 1.2, Valicor's thermochemical pre-treatment process results in oil with
dramatically lower metal levels than oil obtained by a wet hexane extraction without
thermochemical pre-treatment. In particular, the phosphorous content decreased from 407 ppm
to <0.2 ppm and the iron content decreased from 540 ppm to 0.6 ppm. The sulfur content
declined by about 30%, but sulfur (like oxygen) is readily removed in the hydro-treating step.
These data demonstrate that thermochemical pre-treatment helps to hydrolyze the bonds that
attach fatty acids and glycerides to metal-containing groups, as would occur in phospholipids,
for example. The acidic conditions of the pre-treatment step also help to dissolve other metals
like iron into the water phase and away from the hexane-oil mixture. Overall, Valicor was very
pleased with the enhanced extraction process and had begun implementation of scale up to
larger quantities of oil using this extraction process. Indeed an acceptable oil for hydro-treating
must contain less than 20ppm total metals and metalloids with iron and phosphorous being the
major contaminants in these categories: As indicated in Table 1.2, iron and phosphorus total
almost 1,000ppm in the native algae oil, but <0.8ppm in the Valicor extracted oil.

Table 1.2: Metal content in Chlorella oils extracted with and without Valicor’s pre-
treatment

Element Units Oil Sample



Valicor pre-treatment + Low temp. bead milling +

extraction extraction
Phosphorus = Ppm <0.20 407.0
Iron Ppm 0.6 540.0
Sulfur Ppm 84.8 120.0

Iv. Compositional Analysis of Liquid Feed and Liquid Product

IV.1. Compositional Analysis of Nannochloropsis Salina (N.S.) Algae Oil

The analysis for glycerides content of Nannochloropsis Salina algae oil was performed by
Valicor Renewables, LLC. The detailed composition as obtained by Valicor is given in Table 1.3

below:

Table 1.3: Composition of the Algae Oil

Monoacylglycerides, MAG (wt%) | 4.41
: Diacylglycerides, DAG (wt%) 4.56
Fatty Acd I oyiglycerides, TAG (wt%) 29.23
Free Fatty Acid, FFA (wt%) 9.25
47.45 Total Fatty Acid (wt%)
Chlorophyll a&b (wt%) 0.78
Carotenoids (wt%) 0.46
Solvent Hexane (wt%) 0.05
Water (wt%) 0.86
Total 49.6 Total Identified Compounds (wt%)

The water content of N.S. was determined by Karl Fischer (K-F) titration, and was performed by
Robertson Microlit Laboratories. It should be pointed out that only 49.6 wt% of the microalgae oil
was initially identified and quantified.

In an effort to account for the remainder of the Nannochloropsis Salina algae oil, at Stevens we
carried out vacuum filtration on the oil and it was determined that about 11.8 wt% of the oil was
solids, the biomass that was not removed during the oil extraction step. Further, an ash analysis
by Robertson Microlit Laboratories showed a small amount of about 0.34 wt%, bringing to ~62
wt% all the components that had been accounted for. The remaining 38wt%, we suspected, was
constituted in part by residual polar lipids which were not completely hydrolyzed. These polar
lipids would include phospholipids, glycolipids and betaine lipids. These lipids ordinarily should
be saponifiable, and should therefore be captured by fatty acid analysis but the fatty acid profile
(see Section 1V.2.1 below) did not appear to reflect their presence in significant amount. Based
on the elemental analysis of the crude algae oil, the phospholipids content is not expected to be
more than 1wt%. If the origin of the sulfur in the crude algae oil is the glycolipid SQDG
(Sulfoquinovosyldiacylglycerol), then it is possible for the glycolipid content to be as high as 5%.
Crude fat analysis by NJFL (New Jersey Food Lab), an internationally renowned lab for oil
analysis gave 86 wt% which combined with the 50 wt% from fatty acid profile (see section IV.2.1
below), will indicate that about 36 wt% of the crude algae oil is ‘unsaponifiable,” a value that is
pretty close to 38 wt%, the portion of the oil that compositional analysis did not account for.




To investigate further if the unknown components were polar lipids, e.g. glycolipid SQDG, a
sample of the algae oil was sent to a lab in Germany, Spectral Service AG which specializes in
the use of NMR for lipid analysis. The sulfur content of our algae oil is 2033 ppm by weight
which would imply a minimum of 2 wt% SQDG, an amount that must be visible in the 13C NMR.
However, it was not detected thus prompting Spectral Service AG to conclude that the source of
the sulfur was not organic. They also confirmed that the amount of polar lipids in our algae oil
was very small (Phospholipds < 0.1 wt%, MGDG and DGDG not present in the spectra).
However, they detected and quantified cholesterol and manitol. Combining all the results of the
various analyses, the composition of the Nannochloropsis Salina algae oil is presented in Table
1.4.

Table 1.4: Oil Compounds in Algae Oil from Nannochloropsis Salina (w/w%)

* Monoacylglycerides 4.41
» Diacylglycerides 4.56
» Triacylglycerides 29.23
* Free Fatty Acids 9.25
Total Fatty Acids 47 .45 wt%
* Cholesterol ~5.0
* Manitol (sugar alcohol) ~1-5
e Solids 11.8
e Chlorophyll a&b 0.78
+ Carotenoids 0.46
Total solvent residues 0.05
Water content (KF titration) 0.86
+ Unknown (Unsaponifiable Matter) 28.6 — 32.6 wt%

Based on all the results of the analyses, it was concluded that the ‘unknowns’ are not polar
lipids but material that should be rightly classified as ‘Unsaponifiable Matter.’

Our experience with the analysis of the glycerides content of Nannochloropsis Salina, and
FAME analysis of both Nannochlorposis Salina and Chlorella indicates that different strains of
algae produce oils with different glycerides content. The main advantage of N.S. over Chlorella
is the high oil content achievable with N.S. but the oil from Chlorella has very high glycerides
content, and unlike the oil from N.S. which is semi-solid and opaque at room temperature, the
Chlorella algae oil is transparent and flows easily at room temperature. These factors need to
be taken into consideration when selecting an algae strain for production of biofuel.

IV.2. FAME Analysis of Liquid Feed and Liquid Product
IV.2.1. FAME Analysis of Nannochloropsis Salina Algae Oil Feed
FAME (Fatty Acid Methyl Ester) analysis of N.S. algae oil was carried out with a GC-FID after

sample derivatization. The sample derivatization (esterification) method was developed by
Valicor Renewables, and the resulting fatty acid profile is shown in Table 1.5a.



Table 1.5a: Fatty Acid Profile (by Valicor)

c Relative Basis (w/w | Sample Basis (w/w
ompounds %) %)
0 0
C14:0 Myristic 4.45 2.19
C14:1 Myristoleic 0.07 0.04
C16:0 Palmitic 24.76 12.21
C16:1n7 Palmitoleic 32.28 15.91
C16:2 Hexadecadienoic 0.00 0
C18:0 Stearic 0.83 0.41
C18:1 —cis Oleic 6.18 3.05
C18:1 —trans Vaccenic 2.23 1.1
C18:2 Linoleic 1.94 0.96
C18:3 Linolenic 0.09 0.04
C20:0 Arachidic 0.12 0.06
C20:1 Eicosenoic 0.07 0.03
C20:2n6 Eicosadienoic 0.78 0.38
C20:3n6 Homogamma Linolenic 0.00 0
C20:4n6 Arachidonic 2.91 1.43
C20:3n3 Eicosatrienoic 7.14 3.52
C20:4n3 Eicosatetraenoic 0.00 0
C20:5n3 Eicosapentaenoic 15.54 7.66
C22:0 Behenic 0.15 0.07
C21:5n3 Heneicosapentaenoic 0.09 0.05
C24 Lignoceric 0.21 0.1
C24:1 Nervonic 0.09 0.05
C22:4n6 Docosatetraenoic 0.00 0
C22:5n6 Docosapentaenoic 0.00 0
Other 0.07 0.04
100.00 49.30

Valicor’s fame analysis was confirmed by independent fame analysis carried out by NJFL at the
instance of Stevens, and the results are shown below in Table 1.5b for comparison.

Table 1.5b: Fatty Acid Profile (by NJFL)
Relative Sample

C# : Dbl Basis
Fatty Acid Profile Bonds Basis % %
Caprylic 8:0 0.35 0.19
Capric 10:0 0.28 0.15
Lauric 12:0 0.35 0.19
Myristic 14:0 3.50 1.93
Myristoleic 14:1 0.17 0.10
Pentadecanoic 15:0 0.31 0.17
Palmitic 16:0 19.64 10.85



Palmitoleic 16:1 26.49 14.64

Hexadecadienoic 16:2 0.23 0.13
Heptadecanoic 17:0 0.25 0.14
Stearic 18:0 0.66 0.36
Oleic 18:1w9 5.50 3.04
Oleic 18:1w7 2.03 1.12
Linoleic 18:2w6 1.34 0.74
Linolenic 18:3w6 0.70 0.39
Octadecatetraenoic 18:4w3 0.16 0.09
Eicosatrienoic 20:3w6 0.13 0.07
Arachidonic 20:4w6 2.61 1.44
Eicosapentaenoic
(EPA) 20:5w3 13.38 7.39
Docosapentaenoic 22:5w6 0.09 0.05
Other n/a 21.84 12.07
100.00 55.25

The obtained fatty acid profile (from Valicor) in conjunction with the elemental analysis of the
algal oil by Robertson Microlit Laboratories enabled us to calculate the elemental composition of
the unidentified (or unsaponifiable) portion of the microalgae oil. The results are presented in
Table 1.6 below:

Table 1.6: Elemental Composition of Identified and Unidentified Parts of N.S. Algal Oil

Based on whole Elemental composition with respect
microalgae oil to the two parts of the algal oil
C 37.50% 49.16%
Fatty Acids O 5.86% 48.56%
H 5.90% 52.57%
C 38.79% 50.84%
Un-identified O 6.20% 51.44%
H 5.32% 47.43%

The table above indicates that the unidentified portion of algal oil has nearly the same elemental
composition as the fatty acids, but with a slightly higher degree of unsaturation.

IV.2.2. FAME Analysis of Chlorella Algae Oil Feed

The algal biomass (from Chlorella) provided to Valicor by ASU was analyzed for its lipid content,
and the oil extracted was analyzed to determine the fatty acid profile. Extracted algal oils were
catalytically trans-esterified and analyzed by GC-FID to determine the identity of the lipids.
FAMEs were identified based on retention time using a standard mix. The results were verified
by an independent analytical lab (NJFL) and were found to be in £ 3% agreement. The total lipid
content of the biomass was 33.5%. The fatty acid profile of the extracted oil as reported by
NJFL is presented in Table 1.7 and corresponds to the lipid profile of the biomass.

Table 1.7: Fatty Acid Profile for Chlorella 1201.
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Sample Source ASU
Strain Type Chlorella
Sample ASU Chorella Pre-Refined oil
N = = | FAME Content (% | FAME content
yval.gqr of total FAME(S) (wt.% in oil)
C14:0 Myristic 0.18 0.16
C14:1 Myristoleic nd nd
C 15:0 Pentadecylic 0.12 0.10
C 15:1 Pentadecenoic nd nd
C16:0 Palmitic 21.48 18.48
C16:1n7 Palmitoleic 2.58 2.22
C16:4 Hexadecatetraenoic 141 1.21
C 17:0 Heptadecanoic 0.22 0.19
C 17:1 Heptadecenoic acid 5.66 4.87
C18:0 Stearic 1.07 0.92
C18:1 cis/trans 30.16 25.95
C18:2 Linoleic 19.01 16.36
C18:3n6 gamma-linolenic acid nd nd
C18:3n3 alpha-linolenic acid 12.25 10.54
C20:0 Arachidic 0.18 0.16
C20:1n9 Eicosenoic 0.10 0.09
C20:2 Eicosadienoic nd nd
C20:3n6 nd nd
C21:0 Heneicosanoic nd nd
C20:4n6 Arachidonic nd nd
C20:3n3 Eicosatrienoic nd nd
C20:5n3 Eicosapentaenoic (EPA) nd nd
C22:0 Behenic nd nd
C22:1 Erucic 0.08 0.07
C22:2 Brassic nd nd
C23:0 Tricosanoic acid nd nd
C24:0 Lignoceric acid nd nd
C22:6n3 Docosahexaenoic nd nd
C24:1n9 Nervonic nd nd
Other 5.48 4.27
% FAME in Oil 100.0 85.6

The total fatty acid content of 85.6 wt% (Table 1.7) for Chlorella algae oil should be compared to
55.25 wt% obtained by the same lab, NJFL, for Nannochloropsis Salina algae oil (Table 1.5b).

IV.2.3. FAME Analysis of Liquid Product
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Identification and quantification of fatty acids in both the reactor feed and product solution are
required for the calculation of lipids conversion. In order to facilitate the calculation of the lipids
conversion from the experimental hydro-treating data, an in-house method needed to be
developed at Stevens. Therefore, Stevens adapted for implementation a FAME analysis
procedure provided to us by Synthetic Genomics Inc., using our existing lab equipment. For
confidentiality reasons, the details of this procedure cannot be disclosed. Minor modifications
were made to the procedure for microalgae oil samples based on experience and trial-and-error
experiments. In this FAME analysis method, external standards were used for peak
identification, and internal standards for derivatization efficiency check and quantification.
Sample preparation is of vital importance to convert all lipids detectable by GC-FID and was
evaluated by the mentioned derivatization efficiency. Two case studies are reported to illustrate
the analysis.

IV.2.3.1. Development of GC-FID Method Using External Standards
All the GC-FID setting parameters are listed below:

GC: Varian 450GC

Column: SP2560 column (100 m x 0.25 mm x 0.20 ym)
Oven: 140 °C (5 min.), 4 °C/min. to 240 °C (30 min.)
Injector: 250°C

Detector: FID, 280 °C

Carrier gas: Helium, Constant flow: 1.8ml/min
Injection: 1ul, 1:20 split

Due to the complexity of the fatty acid profile (FAP) of microalgae oils used in our lab, an SP-
2560 capillary column (LxI.D. 100 mx0.25 mm, d; 0.20um) was selected for FAME analysis.
This highly polar biscyanopropyl column was specifically designed for detailed separation of
geometric positional (cis/trans) isomers of FAME, and it has been shown to be extremely
effective for FAME isomer analysis.

Minor modifications were made to a GC-FID method provided by Supelco (ref. 1), to obtain
better peak shape and resolution. These modifications mainly pertain to the adjustment of oven
temperature program and carrier gas flow rate. Also, a 15-min column baking at 240 °C was
added due to the existence of impurities in microalgae oil.

Three qualitative external standard solutions were used for retention time FAME identifications.
Figure 1.2 shows the chromatogram of Food industry FAME mix solution from our Varian
450GC. Compared with the reference chromatogram provided by the manufacturer of FAME
mix, Restek, analysis time was decreased by roughly 13 minutes without adversely affecting
resolution. Also, peak shape and area integration were checked to confirm that the GC-FID
system comprising both the instrument and software, was performing well. Table 1.8 shows the
components in the Food industry FAME mix.
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Figure 1.2: Chromatogram of Food Industry FAME mix from (a) our lab (b) reference:
http://www.restek.com/chromatogram/view/GC_FF00649/prod::6098

Table 1.8: Composition of Food Industry FAME

Peak | FAME Peak | FAME

1 C4:0 Methyl butyrate 20 C18:2 Methyl linoleate (cis-9,12)

2 C6:0 Methyl hexanoate 21 C20:0 Methyl arachidate

3 C8:0 Methyl octanoate 22 C18:3 Methyl y-linolenate (cis-6,9,12)

4 C10:0 Methyl decanoate 23 C20:1 Methyl eicosenoate (cis-11)

5 C11:0 Methyl undecanoate 24 C18:3 Methyl linolenate (cis-9,12,15)

6 C12:0 Methyl laurate 25 C21:0 Methyl heneicosanoate

7 C13:0 Methyl tridecanoate 26 C20:2 Methyl eicosadienoate (cis-11,14)

8 C14:0 Methyl myristate 27 C22:0 Methyl behenate

9 C14:1 Methyl myristoleate (cis-9) 28 C20:3 Methyl eicosatrienoate (cis-8,11,14)

10 C15:0 Methyl pentadecanoate 29 C22:1 Methyl erucate (cis-13)

11 C15:1 Methyl pentadecanoate (cis-10) | 30 C20:3 Methyl eicosatrienoate (cis-11,14,17)

12 C16:0 Methyl palmitate 31 C20:4 Methyl arachidonate (cis-5,8,11,14)

13 C16:1 Methyl palmitoleate (cis-9) 32 C23:0 Methyl tricosanoate

14 C17:0 Methyl heptadecanoate 33 C22:2 Methyl docosadienoate (cis-13,16)

15 C17:1 Methyl heptadecenoate (cis-10) | 34 C24:0 Methyl lignocerate

16 C18:0 Methyl stearate 35 C20:5 Methyl eicosapentaenoate (cis-5,8,11,14,17)
17 C18:1 Methyl elaidate (trans-9) 36 C24:1 Methyl nervonate (cis-15)

18 C18:1 Methyl oleate (cis-9) 37 C22:6 Methyl docosahexaenoate (cis-4,7,10,13,16,19)
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| C18:2 Methyl linoleaidate (trans-9,12) | |

IvV.2.3.2. Sample Preparation (ref. 2)

The GC can be used to analyze fatty acids either as free fatty acids or as fatty acid methyl
esters. There are two compelling reasons for analyzing free fatty acids as fatty acid methyl
esters. First, in their free, underivatized form, fatty acids may be difficult to analyze because
these highly polar compounds tend to form hydrogen bonds, leading to adsorption issues.
Reducing their polarity through derivatization may make them more amenable for analysis.
Second, to distinguish the slight differences in behavior exhibited by unsaturated fatty acids, the
polar carboxyl functional groups must first be neutralized. This then allows column chemistry to
perform separations by boiling point elution, and also by degree of unsaturation, position of
unsaturation, and even the cis vs. trans configuration of unsaturation. Therefore, before the fatty
acid group of lipids can be analyzed by GC, it is necessary to convert them to low molecular
weight non-polar derivatives, such as methyl esters. Peak shape and resolution are greatly
improved at the same time.

Based on the independent fatty acid profiles analyzed by NJFL and Valicor, three internal
standards were chosen to check derivatization efficiency and validate component quantification.
Negative control runs were done at different conditions to check purity of all chemicals used and
ensure that there was no contamination by reaction vials, caps, stirring bars etc. The results
showed that all supplies met the GC analysis requirement. Due to the high sensitivity of
chromatographic analysis, only small amounts of material are required. Therefore, all analytes
needed to be diluted according to their expected oil content to make the peak area of the main
measured peak the same magnitude as that of the internal standard peaks.

A two-step reaction was conducted to convert all lipids and free fatty acids into FAME. The first
step is transesterification of lipids. KOH in MeOH, and internal standards were added to diluted
oil sample in a glass vial with PTFE cap. Magnetic stirring bar was added after vortex-mixing the
solution. The glass vial was well sealed with Teflon tape. Then, the vials were heated for a
period of time. If the reaction time was prolonged unduly or if too strong an alkaline solution was
used, some isomerization of double bonds could occur. The second step is esterification of free
fatty acids which requires the addition of BF3 in MeOH as catalyst. Reaction was carried out
under heating and stirring. The Teflon tape used to seal the cap of the vial must be checked all
the time to ensure that there was no leakage. When the vials cooled down to room temperature,
heptane was added and the contents of the vials vortex-mixed for FAME extraction. Then, NaCl
solution was added to enhance phase separation. By adding brine, the solubility of FAME in
water would be decreased, and more FAME would partition into the organic phase, which would
enhance the extraction efficiency. In addition, the salting out effect of brine helped to remove
trace amounts of water and anything water soluble from the organic layer. Organic and aqueous
layers with solids were separated efficiently by centrifuging the vials content. Then only the top
layer of the organic phase was transferred to GC-vials for analysis.

1vV.2.3.3. Data Analysis
As mentioned earlier, the internal standards were added to check the derivatization efficiency.
Therefore, we performed the calibration of our GC-FID by preparing a mixture containing

respective FAMES, and dissolving the mixture in heptane at 7 different concentrations, and the
results of this calibration are shown below in Table 1.9:
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Table 1.9: Calibration of Three Internal Standard-derived FAMEs.

FAME 1 FAME 2 FAME 3
Conc. (g/g) Peak Area  Conc. (g/g) Peak Area  Conc. (g/g) Peak Area
0.000982 330806 0.000976 356669 0.000983 384620
0.000335 109217 0.000565 201822 0.000922 357158
0.000872 284779 0.000314 107953 0.000598 223691
0.000590 193762 0.000867 312170 0.000319 120359
0.000423 137122 0.000762 260412 0.000877 338346
0.001186 382087 0.000407 136152 0.000595 223190
0.000798 258001 0.001134 386204 0.000311 115872
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Figure 1.3: Calibration curves for the three internal standard-derived FAMEs

Single point internal standard, which was FAME 3, was used for FAME quantification due to the
diverse nature of FAME. Since response factor is defined as the ratio between a signal
produced by an analyte, and the quantity of analyte which produces the signal, the internal
response factor can be similarly defined as below:
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Amount
IRF :Internal Response Factor
IS : Internal Standard

SC :Specific Compound of Interest
Therefore,
IRF,. x Areag. x Amount g

Areaq

Amountg. =

As shown in Fig. 1.3, the response factors of FAME 1, FAME 2, and FAME 3 are given by the
slopes of the corresponding plots.

Table 1.10: Response factors of FAME 1, FAME 2, and FAME 3

Response Factor (RF)

FAME 1 3.2689x10°
FAME 2 3.5105%10°%
FAME 3 3.8499%10°
Internal Response factor (IRF)

FAME 1 0.8491
FAME 2 0.9118
FAME 3 1.0000

As reported in ref (3), the response factor of FAME increases as the number of carbon atoms
increases. Based on these calibration data, we assumed a linear increase of IRFs with increase
in carbon number; and the internal response factor of each FAME was thus calculated. It is
necessary to perform this calibration each time a FAME analysis is undertaken. IRF tables need
to be updated for each batch of FAME analysis.

IV.2.3.4. Case study I: Fatty Acid Profile of Nannochloropsis Salina Oil

An important parameter that should be used as a check on the reliability of the procedure is the
relative amount of two compounds. We compare our preliminary results with FAP from Valicor
and NJFL (New Jersey Food Lab) by comparing two adjacent FAMEs in Table 1.11. With the
exception of C20:5n3, the values of the ratio are close for a majority of the FAMEs.

Table 1.11: Comparison of Fatty Acid Profile of Nannochloropsis Salina
(Ratios of adjacent compounds are in second row)

C14:0 C16:0 C16:1N7 C18:1N9 C18:2N6 C20:4N6 C20:5N3

2.19 12.21 15.91 3.05 0.96 1.43 7.66

Valicor
5.57534 1.30303 0.19170 0.31475 1.48958 5.35664
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1.93 10.85 14.64 3.04 0.74 1.44 7.39
5.62176 1.34931 0.20765  0.24342 1.94595 5.13194
2791 16167 22139 5424 1512 4149 9832

5.79255 1.36939 0.24500  0.27876 2.74405 2.36973

NJFL

450GC

Because the area ratios were not within the theoretical value range, further improvement in GC
calibration and modification of sample preparation needed to be explored.

1IV.2.3.5. Case study II: Conversion Calculation
0 0 O 0
R1—J\o OJ\R= H, Rﬂj\o O)J\R H,
KH hydrogenation KH hydrogenolysis
el e
O (0]
microalgae oil hydrogenated triglyceride
H, Hy - H,0
R-COOH —————— R-CHO —=—= R-CH,;OH——» R'=CH;
+ hydrogenation _  (de)hydrogenation dehydration c
o o
Propane ® =
= . o Ha| €
S |-co isomerization S
Q2 cracking o
v =
o Z
Sy iso-RH Y

n-RH——> is0-RCH; <«——— n-RCH3
lighter alkanes

CO +3H, —> CH, + H,0
Figure 1.4: Reaction pathway of hydrotreating of triglycerides (ref. 4)

In the reaction pathway above (Fig. 1.4), the saturation of double bonds in the alkyl chain is fast,
and the hydrogenolysis of saturated triglycerides is slower. The fatty acid hydrogenation step is
the rate-limiting step. Therefore, we can assume fatty acids as the starting reactant, and the
conversion calculated based on fatty acids. The product sample selected for conversion
calculation has a hydrocarbon yield of 52.34%. As reported above (see Section IV.2.1), this
yield is based on the saponifiable content of the algae oil. Three chromatograms are needed:
(1) direct injection of product solution (2) feed solution after sample preparation (3) product
solution after sample preparation. Whatever peaks appeared in the first chromatogram would
not be fatty acids, and all the other peaks in the third chromatogram should be further compared
with the second chromatogram. Then, peaks that did not change from the second to the third
chromatogram were recognized as impurities or noise peaks. As a result, all FAME peaks were
identified in both the second and third chromatograms and their areas integrated by the
workstation automatically. The amount of each FAME was obtained by dividing each peak area

19



by its IRF listed in Table 1.10. Then the conversion was obtained as the difference in FAME
amount between feed and product divided by the amount of FAME in the feed. The conversion
for this particular sample was 62.08%. Again, this value was based on the saponifiable part of
the algae oil. Compared with hydrocarbon yield of 52.34%, the 15.69% mass loss was mainly
due to: (i) the loss of oxygen in transforming fatty acids into hydrocarbon, (ii) the gas product
formation, and (iii) production of intermediates.

More work was done to improve the analysis thus enabling us to successfully determine the
algae oil conversion for the performance study of the HDO of a mixture of Nannochloropsis
Salina and dodecane as another case study (see Task 3 below).

IV.3. Liquid Product Analysis for Hydrocarbons

In Section 1V.2.3 we presented an analytical method that we developed and implemented at
Stevens for fatty acid profile analysis. The new method required that we modified our old GC-
FID method for hydrocarbon quantification. Here, the new method is presented.

Based on the detailed fatty acid composition of the microalgae oil, the expected products of
hydrodeoxygenation include C13-C24 alkanes, but with the C15-C20 alkanes as the more
prominent components. Therefore, the liquid product mixture was analyzed by GC/MS and GC-
FID. Using heptane as internal standard, six FID calibration curves were generated from 5
standards with respect to C15-C20 alkanes. The concentration ratio between analyte and
internal standard was plotted on the horizontal axis while the peak area ratio was plotted on the
vertical axis. Additional information generated from calibration was the retention time of each
compound, with which we identified the peaks from the unknown samples. The unknown
samples were quantified based on these calibration curves.

Due to the uncertainty about the presence of polar lipids in the algae oil, three modifications
were made to liquid product analysis. Firstly, since the acyl groups in polar lipids were not
discernible from the obtained fatty acid profile, heptane was not used as internal standard, in
case it was one of the produced alkanes. Secondly, to minimize manual errors, the CP-8400
Auto-sampler was used for sample injection. Moreover, reproducibility test was done before
each batch of sample analysis using a standard hydrocarbon mixture to ensure that the
instrument was in good working order. Finally, C13 and C14 hydrocarbons were added to the
alkane analysis. FID parameters are shown in Table 1.12.

Table 1.12: FID parameters
GC-FID
ZB-HT Capillary Column

Column (30mx0.25mmx0.25um)
Injector Temperature | 250°C
Split Ratio Splitless
Column Flow Constant Flow, 1ml/min
Initial
Column Oven tgg])perature Rate (°C /min) hold time (min)
(
45 2
300 10 7
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Eight calibration curves, corresponding to C13 through C20 alkanes were generated by the GC
software. The unit of horizontal axis is g HC/g sample, while the vertical axis is peak area.
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Figure 1.5: FID Calibration Curves for C13 — C20 Hydrocarbons

In the course of developing the new hydrocarbon quantification method, it was discovered that
the non-polar capillary column, ZB-1HT, that we used in the past was not compatible with the
fatty acids analysis procedure we developed at Stevens in Section IV.2.3. Therefore, it was
replaced with a polar capillary column, SP-2560. We modified the hydrocarbon quantification
method to ensure that the peaks of all the 8 targeted hydrocarbons were well separated, and
the shapes well defined. All the GC parameters are as listed below:

GC: Varian 450GC

Column: SP2560 column (100 m x 0.25 mm x 0.20 ym)
Oven: 50 °C (1 min.), 15 °C/min. to 240 °C (5 min.)
Injector: 250°C

Detector: FID, 240 °C

Carrier gas: Helium, Constant flow: 1.8ml/min
Injection: 1ul, 1:20 split

An analysis of a previous product sample was carried out with the new GC column, and the
results are summarized in Table 1.13. The standard error was less than 0.4%, which indicated
that the modified GC-FID system was reliable for hydrocarbon quantification.

Table 1.13: Confirmation of GC-FID Reproducibility

Hydrocarbon Yield Carbon Yield in Hydrocarbon
ZB-1HT 9.15% 10.21%
SP-2560 9.76% 10.89%
Standard Error  0.31% 0.34%

V. References

(1) http://www.sigmaaldrich.com/china-mainland/zh/analytical-chromatography/gas-
chromatography/fatty-acid-methyl-ester/fame-capillary-columns/fame-mix-100m-

sp2560.html

(2) AOCS lipid library: http://lipidlibrary.aocs.org/GC _lipid/04_deriv/index.htm

(3) F. Ulberth, R. G. Gaberning and F. Schrammel, Fame-ionization detector response to
methyl, ethyl, propyl and butyl esters of fatty acids, JAOCS, vol. 76, November 2, 1999.

(4) B. Peng, Y. Yao, C. Zhao, J. A. Lercher, Angew. Chem. Int. Ed. 2011, Towards

quantitative conversion of microalgae oil to diesel range alkanes with bifunctional
catalysts.
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Task 2: Extraction, Fractionation & Purification of Algal Oil (Valicor)
. Summary

For this project, algae oil was extracted by Valicor Renewables from two microalgae strains,
namely Nannochloropsis Salina (N.S.) and Chlorella, using their proprietary wet extraction
technology. At the initial stage of the project, the N.S. algae biomass was provided to Valicor by
CEHMM, New Mexico and later by Qualitas Health Inc., a nutraceutical company that became
an industrial partner in this project upon invitation by Valicor. Qualitas now grows algae on a
commercial scale in open raceway ponds in Texas. Valicor has also embarked on the
establishment of a commercial algae farm in San Diego, California. The Chlorella algae biomass
was provided to Valicor by Arizona Center for Algae and Technology Innovation (AzCATI) at
Arizona State University. The algae oil extracted by Valicor was low in metals, mettaloids, and
polar lipids that otherwise would cause catalyst deactivation during the hydrotreating process.
Extraction efficiency as high as 90% was achieved.

. Processing of Algae Biomass for Algal Oils
1. Nannochoropsis Salina from CEHMM, New Mexico

Nannochloropsis salina was grown and harvested in open ponds in Carlsbad, NM by CEHMM
which is currently operating two 1/8th acre open raceway ponds and three 1/4th acre ponds with
a maximum production capacity of nearly 1.4M liters of algal culture. To create the first fully
integrated biorefinery at this facility, CEHMM partnered with Valicor Renewables to operate a
patent pending (US2010/0233761; US2011/0086386) AlgaFrac™ algal oil extraction unit
(Figure 2.1). The unit can process 100kg/day of biomass with a high lipid yield and low energy
requirements. At the beginning of this project, 20 kg algal biomass (Nannochloropsis Salina)
was grown in the open raceway ponds. The algal biomass was dewatered to 12% w/w by
sequential chemical flocculation and centrifugation. Wet extraction of the algal biomass was
performed using heat and chemical conditioning pretreatment step followed by a physical
extraction with a non-polar solvent (hexane). The solvent was then recovered by distillation and
recycled. During this process polar lipids such as phospholipids are hydrolyzed and metals,
known catalyst poisons, are separated to the aqueous phase creating an attractive “pre-refined”
oil for HDO upgrading. The aqueous phase is recycled back to supplement algae cultivation
nutrients. At the initial stage of the project, a 1.2kg sample of the pre-refined oil was analyzed
(see Task 1) and provided to Steven’s Institute for hydro-treating in Task 3. Later in the project,
larger quantities of Nannochloropsis Salina oil, with the same target of low metals and high lipid,
were made available to Stevens, which enabled the production in sufficient quantity for ASTM
diesel testing, of a hydro-treated mixture of algae oil and refinery light atmospheric gas oil
(LAGO) from Marathon Petroleum Corporation.

Wet algae " Hexane

I
Conditioning Extraction

Qil fraction

Distillation

AlgaFrac™ extraction system Residual biomass (LEA)
Figure 2.1: Schematic of AlgaFrac™ process
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We obtained an oil extraction efficiency of greater than 80%. On the basis of many runs with
this particular biomass over several years we see an extraction efficiency of around 83%. With
multiple passes, we obtained efficiencies of >>90%. The actual extraction efficiency in
commercial practice will be determined on the basis of oil value versus operating costs of
multiple passes and/or longer residence times.

In batch operation we typically dispose of the spent water (since extractions occur remotely from
the algae production facility), however in operation at an algae production facility the hexane is
thoroughly stripped from the aqueous layer and the resulting water is utilized (with ZERO water
discharge) as recycle water to the growth system or sent to anaerobic digestion (with lipid
extracted biomass) depending on the bio-refinery configuration.

The oil that was supplied was suitable for first stage partial hydro-treating (N<1%, S<1% and
P<0.1%, all in wt. percent). Elemental analysis was carried out by Stevens (see results in Task

1).

The pre-refined algal oil appeared to meet or exceed all the analytical specs we set ourselves
(N, S, P)

Performance Metrics for Task 2

Proposed Achieved
Extraction Efficiency 80% 90%
Nitrogen <1 wt% 0.43 wt%
Sulfur << 0.1wt% 0.2wt%
Phosphorus <0.1wt% 0.025wt%

I.2.  Chlorella from Arizona Center for Algae and Technology Innovation (AzCATI)

Another algae strain utilized in this project was Chlorella. Chlorella was grown and harvested by
the Arizona Center for Algae and Technology Innovation (AzCATI) at Arizona State University
which is currently operating flat-panel vertical PBRs, column PBRs, open raceway ponds and
ARID Raceways for algae cultivation. Our previous experience with AzCATI biomass had
identified a Chlorella, strain 1201, that through specialized culturing condition produces biomass
with over 30% oil content. The Chorella biomass was provided to Valicor Renewables frozen in
a 28% solids paste, and oil was extracted from the paste following the procedure outlined in
Section 11.1. above. A sample of the pre-refined oil was analyzed in Task 1 and provided to
Stevens for hydro-treating. The amount of algal oil provided was sufficient for small scale
catalysis evaluation. The performance metrics were similar to those obtained for
Nannochloropsis Salina.

I.3. Commercial Scale Production of Nannochloropsis Oculata by Qualitas Health,
LLC.

Towards the end of the fourth quarter of the project, Qualitas Health Inc. was brought in as a
technical partner. Their letter, expressing their intent to participate in the project was submitted
as part of a quarterly report. Qualitas Health is a privately-held company developing high-value
vegetarian food supplements and pharmaceutical ingredients based on Omega-3 oils from a
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sustainable algae source. For more information about Qualitas Health, visit their website at
www.qualitas-health.com.

We intensively studied the biomass supplied by Qualitas Health. While studies on experimental,
and academic, algae biomass can result in promising results (high lipid content for example) it is
more practical and relevant to evaluate real-world, commercial algae biomass. Our partner
Qualitas provides us exactly that — algae biomass that delivers an omega-3 product (AlmegaPL
see www.almegapl.com) that is being launched commercially Q3 2014. The algae are grown on
a 350 acre farm in Imperial, Texas with 12 acres of ponds currently in production, 64 acres by
end of 2014. Hence this represents real biomass, produced at >4 tons per day part of which will
be directed to our joint project.

One of the challenges with this biomass, and most others of practical application, is that
extraction results in an oil comprising not only lipids such as triglycerides, but also polar lipids
(such as phospholipids) and a high level of “unknowns”. Since phosphorus in the form of
phospholipids is a catalyst poison one of our goals was to hydrolyze these phospholipids and
remove the phosphorus into the aqueous phase and remove it from the oil layer. Secondly we
needed to understand the fate/role/composition of the “unknowns” and resolve this issue. If
they are converted into fuel then the problem is minor (See the results of hydro-treating of a
mixture of algae oil and LAGO in Task 3). If not, then they have to be eliminated from the
extracted oil, preferably not extracting them in the first case.

To this end we ramped up efforts on a new extraction process which would deliver the lipids as
a clean lipid fraction and leaving the remainder of the biomass as a “char” comprising
carbonaceous material derived from the LEA (Lipid Extracted Algae) and the bulk of these
unknowns. Furthermore we investigated a process which delivered all the lipids as a clean FFA
(free fatty acid) fraction devoid of phosphorus.

We carried out both bench scale and pilot scale extraction studies with commercial
Nannochloropsis Salina biomass from our partner Qualitas. Below are shown two examples of
this work, a bench scale run using ethanol and a pilot scale run using hexane. As can be seen
from the data, in both cases essentially quantitative extraction of the lipids (FAME yield) and the
valuable EPA component were accomplished.

A liter of the hexane extracted oil (oleoresin) was supplied to Stevens for hydro-treating studies.
A process involving filtration and acid degumming was used to create this high-quality crude
algae oil for upgrading. This oil worked much better in hydro-treating than previous oils that
were not filtered or degummed.
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Benchtop

Qualitas Nanno - Precook Ethanol Extraction Date 4/8/2014
Starting material for extraction: 280.0 g wet weight Ethanol 1L
23.4% solids content (%AFDW)
65.4 g afdw Extraction See notebook 211 pg. 28 for details

Acidic Precook - Ethanol Extraction
LEA g wet weight
solids content (%DW)
0 g Dry weight

Total FAME Content (Ash Free EPA Content (wt.% of  EPA Content of

Sample wt.% of biomass) Total FAME present (g) biomass) FAMEs (wt.%) EPA Present (g)
Biomass Pre-Extraction 11.5% 7.52 0.7% 5.4% 0.46
Lipid Extracted Material 1.4% 0 7.2% 0.1% 0

0Oil Yield (wt.% of Ash Free Total FAME Content Total FAME EPA Content of EPA Content of
Sample Oil Obtained (g) biomass) (wt.% of oil) presentin oil (g) FAMEs (wt.%) oil (wt.%) EPAin oil (g)
Oil Pass 1 20.967 321 34.7% 7.28 5.5% 1.91% 0.40
Total FAME Yield (% of theoretical)
Total ARA Yield (% of theoretical)
Pilot
[Qualitas Nanno - Gen 1 Hexane - Oleoresin shipped to Niyi Date 4/10/2014
Starting material for extraction: 49.8 Ibs wet weight Hexane 140 lbs

17.8% solids content (%AFDW)
8.9 Ibs afdw Extraction Precook for 1 hr at 120C
4020.9 g afdw Process for 30 min @ 80 C

LEA g wet weight

solids content (%DW)

g Dry weight

Total FAME Content (Ash Free EPA Content (wt.% of  EPA Content of

Sample wt.% of biomass) Total FAME present (g) biomass) FAMES (wt.%)  EPA Present (g)
Biomass Pre-Extraction 11.5% 462.40 0.7% 5.4% 28.15
Lipid Extracted Material 54% 3.2%

Oil Yield (wt.% of Ash Free  Total FAME Content Total FAME EPA Content of EPA Content of
Sample Oil Obtained (g) biomass) (wt.% of oil) present in oil (g) FAMESs (wt.%) oil (wt.%) EPA in oil (g)
Oil Pass 1 998 9 24 8% 49 8% 497 45 6.5% 324% 3233

Total FAME Yield (% of theoretical)
Total EPA Yield (% of theoretical)

Isaac Berzin of Qualitas Health (Valicor's commercial partner, and together with Marathon
Petroleum a partner for the present project) provided more high-EPA Nannochloropsis Oculata
for extraction. Qualitas Health is a perfect partner for our project since they have the FIRST
commercial phototrophic algae farm for omega-3 oils in the US (and the World) in Imperial, TX
and guarantee us large volumes of biomass and oil as our project advances to pilot scale.
http://omega3.supplysideinsights.com/~/medial/Files/Nutrition/Ebooks/2014/07/07 14SSO
3 July%20Report Secure.ashx

Also, together with our partners at Qualitas Health, we are developing an extraction technology
that produces a nutraceutical coproduct, EPA, and allows us to harvest the remaining low value
lipids for conversion into fuels. Initial work towards this goal was executed with promising
results. The practical separation of this valuable co-product and the “fuel lipids” would render
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the resulting bio-refinery more economical and enable its commercial deployment — the ultimate
goal of our joint endeavors.

In parallel with the above studies we turned our attention to HTC (high temperature
carbonization) as developed by Dr. Levine from Valicor. Basically the algae paste is heated to
around 200 — 230°C for a few minutes resulting in carbonization of the biomass affording a char
which is very simple to de-water comprising a “char” in which is embedded the lipids. We have
found that the lipids can be very simply recovered with a solvent wash. HTC results with our
Qualitas Nannochloropsis Salina biomass are illustrated in the following figures:
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We are currently optimizing this process by investigating lipid recovery as a function of time,
temperature, pH and other variables; some results being illustrated below:
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The benefits of this approach include simple dewatering, plus the delivery of light colored oil
with low levels of unknowns.

lil. Processing of Algae Biomass for Free Fatty Acids (FFAs)

We also pursued the concept of hydrolyzing the lipids to afford the product as FFA’s from which
one can separate out and isolate valuable components (such as EPA (omega-3)) and leave the
remainder as a clean fraction ready for co-processing to diesel in a 5-15% blend with LAGO or
VGO (Vacuum Gas Qil) or other diesel fractions to a 5-15% renewable diesel blend. Just how
clean this fraction can be is shown in the following figure showing a high purity FFA product
recovered by steam stripping of a crude Nannochloropsis Salina oil (the residual “unknowns”
are shown in the small inverted bottle).
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Task 3: Evaluation of Monolith Reactor for First Stage HDO of Algal Oil (Stevens &
Columbia University)

. Summary

In the first part of this task, an existing microreactor system was used for catalyst screening.
Altogether, fifteen different catalysts, thirteen in particulate form, including the conventional
petroleum refining hydrotreating catalysts, sulfided NiMo and CoMo, and two washcoated on a
monolith, were evaluated for their effectiveness for hydrodeoxygenation of microalgae oil. The
effectiveness of a catalyst was measured by the hydrogen consumption and hydrocarbon yield.
Mixtures of algae oil (N.S.) and hexane were used for catalyst screening. Temperature varied
between 280 and 300°C, and pressure was fixed at 500 psig. In the second part of the task, a
performance study of hydrodeoxygenation of algae oil using sulfided NiMo, and two precious-
metal based catalysts was conducted in the microreactor system but only the results for NiMo
which have been published in a journal article are presented in details here. As of the time of
submission of this report, a few of the results for the two precious metal catalysts were available
for inclusion in the report while the detailed results were still being reviewed, and would be
published in a journal article shortly thereafter. For the performance study, the hexane solvent
was replaced by dodecane, and processing temperature varied between 300 and 360°C while
the pressure was fixed at 500 psig.

Based on the exhaustive catalyst evaluation, a Pt-based bi-metallic catalyst was identified to be
the most effective catalyst for hydrotreating of algae oil. This catalyst was washcoated on a
monolith using a coating procedure developed at Stevens. A high throughput high pressure pilot
plant reactor system was designed and fabricated for evaluation of the monolith catalyst. A
special sleeve was also fabricated that enabled the pilot plant reactor system to accept catalysts
in particulate form. Both Nannochloropsis Salina and Chlorella algae oils were hydrotreated in
this reactor system and the results are presented in the third part of this task. Because of the
limited quantities of the algae oils, Canola oil was sometimes used as a surrogate for the algae
oil. The processing temperature varied between 300 and 360°C while the pressure was fixed at
700 psig. The pressure was selected based on the guidance from Marathon Petroleum
Corporation (MPC), our petroleum refiner partner.

In the final part of this task, mixtures of algae oil and refinery light atmospheric gas oil (LAGO)
supplied by MPC were co-processed in the pilot plant reactor system using the Pt-based bi-
metallic monolith catalyst. Furthermore, a 26 wt% Nannochloropsis Salina algae oil/74 wt%
LAGO mixture was hydrotreated in the reactor system in sufficient quantity for ASTM D975
Diesel Fuel Specification Test. The hydrotreated ‘green’ diesel met all the important properties
including a cetane index of 50.5. The test was performed by SGS Herguth Laboratories, Inc.,
Vallejo, California. An elemental oxygen analysis on the same sample performed by MidWest
MicroLab LLC, Indianapolis Indiana reported an oxygen content of trace to none found.

Il Catalyst Screening

Microreactors require small amount of catalyst and process feed therefore advantageous for
catalyst screening. Their small size also makes process control easier compared to larger size
conventional reactors. In consideration of these factors, we decided to use our existing
microreactor system for catalyst evaluation which allowed us to concentrate on designing the
high pressure, high throughput monolith reactor system while acquiring important reaction
engineering data quickly from the microreactor system.
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Il.1.  Preliminary Evaluation of Catalyst Performance

For the first stage of catalyst screening, only the single-metal Pt-based catalysts, namely
0.5wt% Pt, 5wt% Pt, and sulfided Ni/Mo, all supported on y-alumina were selected for study in
the microreactor. Throughout this project, sulfided Ni/Mo was used as a baseline catalyst for
comparison with the Pt-based catalysts we proposed because it is the conventional
hydrodesulfurization catalyst in the petroleum industry. The HDO reaction was conducted in
continuous flow in a stainless steel 316 microreactor of length 12 cm and inner diameter of 775
pMm. The reactor was packed with catalyst particles in the size range of 75 to 150 um. The final
reactor system would be based on a monolith catalyst and not a packed bed. The microreactor
system was only used for evaluation of HDO on algal oil and catalyst screening. Once a
promising catalyst was identified via catalyst screening in this section, the plan was to wash-
coat such a catalyst on a monolith for exhaustive evaluation in the high pressure high
throughput reactor system (see Section IV below). There are 4 criteria to be met by a catalyst
for it to be effective for HDO of algal oil: it should promote: (1) Hydrogenolysis for C-O cleavage
(2) Hydrogenation and (3) Decarbonylation and Decarboxylation but suppress Methanation. The
hydration route consumes more hydrogen than the decarbonylation/decarboxylation route if
methanation is suppressed. Hydrogen consumption and carbon yield in liquid product were
the two measures used for evaluating catalyst performance.

I.1.1. H, Consumption

Nannochloropsis Salina algae oil of 1.0% (w/v) and 5.0% (w/v) concentrations in n-hexane were
used as the liquid feed. The liquid was pumped by a HPLC pump at a rate of 0.05 ml/min. while
H> and N, gases, supplied from separate cylinders, were metered through mass flow controllers
and then mixed together. The inlet H, gas flow rate was 10.0 sccm and N, gas flow rate was 5.0
sccm. The gas mixture was contacted with the liquid reactant stream at a T-junction before
entering the reactor. The microreactor was placed in a furnace and the reaction temperature
was 283°C while the pressure was set at 500 psig.

Hydrogen consumption was determined by analyzing the outlet gas stream using Shimadzu
GC-14B with a thermal conductivity detector (TCD) and two capillary columns (MS-5A and HP-
Plot Q). The N, gas feed was used to determine H, consumption. The injector temperature was
set at 25°C and detector temperature at 220°C. The oven temperature was programmed as
shown in Table 3.1.

Table 3.1: GC oven temperature programming

Initial Final Temperature
temperature | Rate (°C /min) (°C) Hold time (min)
(°C)
60 13.5
25 160 6.5

Calibration lines for N, and H, were obtained from four different gas mixtures with known
compositions. These calibration lines are shown in Fig 3.1.
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Fig 3.1: Calibration Lines for N, and H,

The hydrogen consumption was normalized with the theoretical amount of H, required to
hydrodeoxygenate the algae oil. The mass fraction of triglyceride in the algae oil was
determined to be 0.475 (see Task 2). Microalgae oil has an average molecular weight of 862
(Sanchez et al., 2012). Depending upon the average number of C=C double bonds per fatty
acid chain in the ftriglyceride, the moles of H, required to hydrodeoxygenate one mole of
triglyceride will vary. Based on the analysis of the triglycerides in the algae oil in Task 2 above,
approximately 6 moles of H, are required to hydrodeoxygenate each fatty acid chain (i.e., 18
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moles of H, per mole of triglyceride). The results of the gaseous product analyses with different
catalysts follow.

Table 3.2A shows the results obtained using the sulfided Ni-Mo catalyst and an inlet algae oil
concentration of 1% (w/v) in n-hexane. The experimental results show that the actual H,
consumption was much higher than the theoretical consumption based on triglycerides content
in the algae oil. Some H, might have been consumed by the non-triglyceride portion of the algae
oil. The results in the table show that H, consumption was less than 4% of the H, fed, which was
very low as a percentage of the hydrogen feed. The measurement error would be more
pronounced for this low consumption and might have affected the observed ratio of H,
consumed to the theoretical hydrogen requirement.

Table 3.2A: Results of Algae Oil HDO Experiment using sulfided Ni-Mo Catalyst and 1%(w/v)
Algae Oil in n-Hexane

Ratio of H,
consumed to
Outlet Total theoretical H,
Run Time Outlet H, Flow | gas flow H, Consumption required based on
(min) Rate (sccm) Rate (sccm) | (as % of inlet) triglycerides only
30 9.76 15.40 2.5 2.24
60 9.74 15.49 2.7 2.37
90 9.68 15.26 3.2 2.86
120 9.63 16.02 3.8 3.39

To reduce the error in measurements, we performed HDO experiments with 5% (w/v) of the
algae oil in n-hexane (where the theoretical requirement of hydrogen consumption would be 5
times that of 1% solution, with other variables remaining the same) using 0.5wt% Pt supported
on y-alumina. Table 3.2B shows the results obtained.

Table 3.2B: Results of Algae Oil HDO Experiment using 0.5wt% Pt on y-alumina and a
feed of 5% (w/v) algae oil in n-hexane

Outlet

Total gas | H; Ratio of H, consumed to
Run Time | Outlet H, Flow | flow Rate | Consumption | theoretical H, required
(min) Rate (sccm) (sccm) (% of inlet) based on triglycerides only
30 9.31 16.66 6.9 1.23
60 9.28 16.69 7.2 1.29
90 9.39 16.83 6.0 1.07
120 9.23 16.61 7.7 1.38

The results show that the hydrogen consumption is more than 100% of the theoretical H,
required based on the triglycerides only. The excess hydrogen might have been consumed by
compounds in the non-triglyceride portion of the algae oil. To determine total theoretical H,
requirement for the hydrodeoxygenation reaction, the H, requirement for the portion of the oil
which contains non-triglyceride molecules needed also to be known. It should also be noted that
the outlet gas flow rate was more than the combined inlet gas flow rate (under standard
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conditions) which might be due to the presence of n-hexane in the outlet gas and some gaseous
products (e.g. CsHg) in the outlet stream.

11.1.2. Carbon Yield

The second measure for evaluating catalyst performance was carbon yield. The parameters in
Table 1.12 above, in conjunction with the GC-FID were used to determine the hydrocarbon
yields. The total carbon content in Nannochloropsis Salina microalgae oil is 72.69wt% as
obtained from elemental analysis, therefore the carbon yield in the hydrocarbon product can be
calculated thus:

% 12n  McH,,
z3\14n+2 19 AO

0.762%
1g AO

Similarly, from the fatty acid profile, the total carbon content in lipids is 37.5wt%, therefore the
corresponding carbon yield is:

CarbonYieldgasedon totalcarbonin Microalgaail =

220: 12n X anH2n+2
“\14n+2" 1gAO

0.375¢
1g AO

Three catalysts were evaluated by measuring the carbon yield in the liquid product. Both the
liquid and gas products were analyzed by GC-FID and GC-TCD respectively. The feed was 1g
Nannochloropsis Salina microalgae oil dissolved in 100ml of n-hexane (i.e., 1 % (w/v)). The
process conditions were the same as in the previous section except that the reaction
temperature was varied. In addition to the microreactor, the batch reactor was also used to
enable higher pressure operation since the microreactor system was limited to a maximum of
500 psig. However, it was difficult to collect gas samples, and reuse the powder catalysts in the
batch reactor. A comparison of the results is summarized in Table 3.3 below:

Carbon YleldBased on total carbon in lipids =

Table 3.3: Summary of Liquid Analysis Results

Carbon Yields [wt%]
Reaction conditions Based o_n Total Based o_n Total
Carbon in Carbon in
Microalgae Qil Lipids
NiM 250 °C,500psi (2hrs) 9.31% 18.95%
Mo 300 °C,500psi (2hrs) | 21.42% 43.57%
Microreactor
250 °C,500psi (2hrs) 10.93% 22.24%
0,
0-5wi% Pt 300 °C,500psi (2hrs) 25.53% 51.94%
5wt% Pt 300 °C,500psi (2hrs) 21.32% 43.38%

33



Batch

, o _ S .
Reactor NiMo 300 °C,1000psi (2hrs) | 34.39% 69.95%

From this table, it can be concluded that Pt supported on y-alumina is as good as sulfided Ni/Mo
catalyst. Higher temperature and pressure expectedly increased the carbon yield. In
consideration, the reactor system to be used for the evaluation of the monolith catalyst had
been designed to operate at higher temperature and pressure (~ 2500 psi). In the GC/MS
results of the liquid product, fatty acid and fatty acid ethyl ester (FAEE) peaks were found only in
the sulfided Ni/Mo product which indicated possible C-C cleavage, an undesirable step in the
catalytic HDO process.

I.2. Catalysts Evaluation for HDO of Nannochloropsis Salina Algae Oil

Altogether, eight different catalysts were evaluated for hydrotreating of Nannochloropsis Salina
algae oil, all in particulate form. Catalyst performance was measured by carbon yield in 