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EXECUTIVE SUMMARY 

In meeting Milestone #2 objectives, our activities have focused on selecting different algae 
species, optimizing their growth and determining which of the species is the most productive in 
terms of having the greater ability to consume carbon dioxide and produce usable lipid.  The 
species that were thoroughly examined were: Dunaliella parva, Dunaliella tertiolecta, Dunaliella 
salina and Nannochloropsis oculata.   Based on this work, we have determined that Dunaliella 
tertiolecta is the best species to carry out future experiments with.   

In examination of the growth rates and carbon dioxide capture for each of these species, the 
Dunaliella tertiolecta stands out from the rest.  The average growth rate in aquariums were 
0.0790 g/L/day for D. tertiolecta, 0.0446 g/L/day for D. parva, 0.0375 g/L/day for D. salina and 
0.0556 g/L/day for N. oculata.   A faster growth rate and more frequent harvesting indicate that 
D. tertiolecta has the potential to capture more carbon dioxide than the other species. 

Algae are harvested through centrifugation and are dried immediately, instead of freezing and 
then thawing and drying at a later date; this ensures better sample integrity for lipid extraction.  
Indoor lighting is less intense than natural sunlight, but it is consistent from day-to-day.  Some of 
the photographs in Appendix A show examples of light penetration and how the optical density 
of the culture affects it.  The growth rate of algae slows down when the optical density gets high 
enough; the algae start getting in each other’s way and block exposure to light (self shading).    

We have extracted and profiled the lipids from all four species investigated (D. tertiolects, D. 
parva, D. salina and N. oculata) and additionally, native, freshwater cultures (primarily 
Ankistrodesmus sp.).  Our GC analysis has shown that the lipids are composed of primarily C16 
and C18 carbon chains.   Samples of residual material (post lipid extraction) have been analyzed 
for protein, carbohydrate, fiber, ash and moisture (see Appendix B, Table 1).  
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TECHNICAL PROGRESS 

M2 Goal 1: Select and collect algae samples 

The main parameters that were focused on in the algae selection process were growth rate and 
lipid content.  Higher growth rates translate into more carbon dioxide being consumed by the 
algae and higher lipid contents equate to more carbon dioxide being converted into biodiesel.   

The rationale for starting with the algae species Dunaliella tertiolecta was that the carbon 
captured by this species goes into a cell membrane (it doesn’t have a cell wall) and supporting 
structures.  With most other species, about 40% - 50% of the carbon goes into the cell wall.  
From the standpoint of extracting lipids, having the carbon go into a cell walls is less desirable 
because it is more difficult to extract.  Also, there was evidence in the literature the D. tertiolecta 
was fast growing.  Several other species were selected and used in comparison to the D. 
tertiolecta, including Dunaliella parva, Dunaliella salina and Nannochloropsis oculata.  The 
Dunaliella algae cultures were obtained from Dr. Arun Goyal.  The Nannochloropsis culture was 
purchased commercially.   

 

M2 Goal 2: Establish algae cultures and cultivate algae in the laboratory 

Once seed cultures of the species were obtained, they were cultivated in the laboratory to 
produce viable stock.  Some problems in cultivating the species were encountered.  For example, 
in the early stages of growing Dunaliella tertiolecta in the small flasks, we encountered some 
contamination problems (protozoa and bacteria) in trying to establish viable stock.  The flasks 
and the stoppers were sterilized prior to adding the nutrient media and algae inoculum.  We 
started using separate pipettes for each vessel, and separate tools for stirring and sampling.  This 
helped to reduce the transfer of undesirable organisms from one vessel to another.  After creating 
better lighting for the flasks we saw not only an increase in growth rate, but fewer protozoans as 
well.  If the algae are growing poorly, they will secrete glycoproteins.  The bacteria will then 
feed off of these glycoproteins and the protozoa will feed off of the bacteria.  By maintaining 
good growth conditions the contamination problems were controlled.   

 

M2 Goal 3: Optimize algae growth parameters 

In August we transferred the algae to photo bioreactors and started running experiments.  In the 
photo bioreactors, we began a study of growth rate optimization for the species.  The pH was 
maintained between 6.0 - 6.4.  The rationale for this pH range was that algae are known to utilize 
carbon from carbon dioxide more readily at lower pH and the bioavailability of carbon is slower 
at pH > 6.4 (algae must get it from bicarbonate).   The light intensity in the photo bioreactors 
was 1997 Lux.  The photoperiod was 15 hours light followed by 9 hours dark.  Ambient 
temperature ranged from 70 – 76 degrees F.  A carbon dioxide concentration of 5.6% was used 
to achieve the low pH. 

In the PBRs, when comparing growth rates of the different species of algae (experiment ST31-
25), the best overall composite growth rates were seen in D. salina and D. parva followed by 
Nannochloropsis then D. tertiolecta.  Short term growth rates for ST31-25 were best in D. salina 
then D. tertiolecta followed by D. parva and lastly, Nannochloropsis.  However, when scaled up 
to larger volumes in the aquarium experiments the D. tertiolecta had the best growth rate (see 
Appendix B, Table 2).  The composite growth rate is the sum of growth achieved over the 
duration of the experiment divided by the total days.  The maximum growth rates only look at 
the growth achieved between dilutions (over a period of a few days).  Using the average growth 



rates one can calculate out the average carbon dioxide capture rates of the species (see Appendix 
B, Table 3).   

The iron concentration in some of the media for the PBR experiments was low and may have 
negatively impacted growth rates.  The growth rates of these four species were also compared in 
2L flasks under higher intensity lighting (experiment ST31-27).  The lighting for the photo 
bioreactors was measured at 2000 Lux.  The lighting was measured between 5130-7220 Lux for 
the 2L flasks.  All four species of algae showed greater growth rates in the 2L flasks compared to 
the photo bioreactors, indicating lighting was a limiting factor.   

In experiment ST31-28 A-H, we examined the effects of several different nutrient deficiencies 
on algae growth rate.  Initially, equal volumes of newly cultured D. tertiolecta were placed in 
each of 8 photo bioreactors (PBR).  Four media formulations were used with two PBRs for each.   
Media formulations had the following deficiencies: no KNO3; no KH2PO4 or FeCl3; no KH2PO4; 
and no FeCl3.  The algae continued growing for 3 – 4 days after start of the experiment; after 
this, we saw the growth stopping and the algae going into senescence (starvation). This 
experiment showed the importance of several key nutrients (nitrogen, phosphorus and iron).  The 
deprivation of iron seems to have caused the quickest and greatest inhibition of algae growth and 
the deprivation of both phosphate and iron produced a similar effect.  The deprivation of nitrate 
also quickly brought growth to a halt.  The deprivation of phosphate did not stop algae growth as 
quickly as the other nutrient deprivations and it did not hinder chlorophyll production as much.   
This experiment helped demonstrate that a source of nitrogen, phosphorus and iron is essential 
for algae to grow and that it seems to be most sensitive to the availability of iron and nitrogen.  

In the photo bioreactors (experiments ST31-28 J-R) we evaluated five different media 
formulations.  We started with 200 ml D. tertiolecta in each photo bioreactor then added 800 ml 
of the media being evaluated; this gave us a total starting volume of 1 liter.  The initial optical 
density and amount of media used was approximately the same for each.  Two PBRs contained 
our regular 1% salinity medium; two contained the minimal medium, which has ammonium 
chloride as the nitrogen source; two contained our regular 1% salinity media but with chelated 
iron (CAS 149022-26-4); one contained our regular 1% salinity medium plus a 50% urea 
solution (2 ml/liter); and one contained the minimal medium plus 50% urea solution (2 ml/liter).   
The best overall composite growth rates for experiment ST31-28 J-R were seen in our regular 
1% salinity media made with chelated iron followed by the algae grown in our regular 1% 
salinity media containing FeCl3 as the iron source. The growth in minimal media was 
significantly less and the media with urea gave the lowest overall growth rate. 

The experiment ST31-30 A-F was started to compare medium containing iron chloride versus 
chelated iron.  It also compared the amount of iron being added.  Both forms of medium were 
observed with 1X, 5X and 10X the amount of iron used in our regular medium formulation.  The 
best overall composite growth rates were seen in the PBRs containing media made with iron 
chloride.  It is known that chelated iron is a more stable form of iron that is easier for plants to 
absorb and is thought to pass through the cell membrane more easily (Liu, 2008).  At the 
beginning, the algae cells have excess iron bound to their surface which gets internalized over 
time.  However, due to the metabolic rate of algae, the iron externally bound at the beginning 
would most likely be internalized during the first day (Paz, et. al.).  Excess iron may be toxic to 
algae cells but they apparently have a feedback mechanism to regulate internalization of iron.  
The fact that the growth rate was lower in the PBRs containing chelated iron and that we saw a 
large percentage of the algae settle to the bottom indicates there was a problem.  This theory that 
chelated iron is more effectively utilized opens up the possibility that the algae are getting too 
much iron.  Our observations show that iron chloride had a greater positive effect on the growth 



rate and therefore iron chloride is used in our medium.  The final growth medium is presented in 
Appendix B, Table 4. 

At one point, it appeared that Chlorella algae had taken over the vessels containing D. tertiolecta.  
We examined a pure culture known to be D. tertiolecta where there was a mix of swimming adult 
cells and small, non-motile cells (Oren, 2005) that looked like Chlorella.  We also looked at cells 
that were in the process of dividing (Borowitzka).  The point here is that what we thought was a 
Chlorella invasion in our lab was actually D. tertiolecta dividing in our flasks, bins, drums, etc.  
In hindsight, this tends to confirm that the small, round cells were a rapidly-dividing growth 
form of D. tertiolecta.  The algae currently being studied exhibit this morphology.   

Harvest methodology 
Algae cultures that have an OD450 reading (optical density of the sample measured at 450 nm 
wavelength using a spectrophotometer) of 1 or greater were pumped out of their vessel using a 
small (210 gph), submersible pump into a holding tank which is placed on a stand above the 
centrifuge (Alfa- Laval model 104B solids-retaining centrifugal separator). The cultures were 
then drained by gravity from the tank through a hose and into the centrifuge for harvesting in a 
continuous manner.   The flow rate of liquid through centrifuge was 1.0 – 1.5 liters/minute; 
higher flow rates reduce capture of algae cells.   Typically, if the inflow has an optical density of 
1.32 the outflow will be approximately 0.12.   The algae paste was collected from the bowl of the 
centrifuge, weighed and the percent dry matter determined using a Mettler-Toledo model HR83 
moisture analyzer.  Graphs depicting the harvest cycles of the algae species are presented in 
Appendix C.  

Harvested algae pastes were dried in two manners.  Initially they were smeared onto 17”x17” 
metal trays lined with parchment paper. Then the trays were placed into a vacuum oven set at 85 
degrees C for 6 hours until the paste was all dried.  Starting in mid February (in an effort to 
minimize changes that could potentially take place in the lipid content), the algae paste was dried 
in a food dehydrator immediately after harvesting for 18 – 20 hours at 135 degrees F.  Dried 
algae specimens were then pulverized in a blender.  Each batch of dried algae was pulverized for 
a 30 second session; this was repeated four times for a total of five sessions. Pulverized, dried 
algae were then placed in a ball mill and ground for 5 days.  After 5 days, the ground, dried algae 
were collected and weighed for record.   

 

M2 Goal 4: Analyze and profile algae composition  

Extraction methodology 
There are a significant number of methodologies for lipid extraction. In exploring for the ideal 
extraction method, we have tested the well-known Bligh and Dyer extraction as well as the Folch 
extraction which employs chloroform and methanol on wet algae paste.  These methods have the 
benefit of allowing direct extraction of lipid from a wet sample, however, they call for a large 
quantity of extraction solution and create a significant amount of waste solvent. Since our goal is 
to be able to process large quantities of algae in an economical and environment-friendly way, 
our exploration eventually led us to the Soxhlet extraction method which utilizes hexane as the 
extraction solvent. Soxhlet extraction involves refluxing a solvent to repeatedly wash and extract 
the sample, then the lipid is obtained by evaporating off the solvent. The benefits of using this 
extraction method include: (1) the extraction solvent (hexane) can be recycled and reused, (2) 
hexane is easier to handle than the more toxic chloroform and thus more environment friendly, 
and (3) the lipids obtained with this extraction method are neutral lipids that are ready for 



conversion into biodiesel via the Mcgyan process.  Samples of algae were harvested and 
prepared for lipid extraction (as described in the previous “harvest methodology” section). 

Lipid extraction 
For Soxhlet extraction, eighty grams of ground algae were placed in a Whatman cellulose 
extraction thimble and setup in a Soxhlet extractor.  A one liter round bottom filled with 800ml 
of hexane and some boiling stones was then attached to the bottom of the extractor.  This was 
followed by attaching a water cooling coil tube to the top of the extractor with cold water 
running through to help condense the rising hexane vapor. Lastly, heat was applied and the 
extraction was allowed to run until the extracting hexane appeared colorless (typically 48 hours). 
 The lipid containing hexane solution was filtered through activated carbon to remove 
pigments from the algae and then the hexane was removed using a rotary evaporator.  This 
resulted in neutral algae lipids being obtained that were transparent and ranged from light yellow 
to amber in color. 

Sample preparation for GC analysis 
HCl catalyzed methanolysis of algae lipid was performed to prepare the sample for GC-MS (Gas 
Chromatography Mass Spectrometry) analysis. Approximately 4-5 mg of algal lipid was added 
to a small Teflon capped vial (2 mL) with 0.2 mL methanol in it.  Next, 0.8 mL of 5% acetyl 
chloride in methanol was added to the vial.  The vial was tightly capped and heated in a sand 
bath at 60 oC for 6 hours.  After cooling, the contents of the vial were transferred to a test tube 
containing 1 mL saturated NaHCO3 and 2 mL pentane. The two layers were agitated by pipette 
until gas evolution ceased. The pentane solution was carefully decanted by pipette and 
transferred to another test tube and dried over a molecular sieve (4 Å). The pentane was 
evaporated by drying with a stream of air and the remaining residue was taken up in ~1 mL of 
HPLC grade methanol and analyzed by GC-FID (Flame Ionization Detector) and GC-MS. 

Gas chromatography-mass spectrometry (GC-MS) analysis 
The gas chromatograph electron impact mass spectrometer is a powerful and extremely useful 
instrument that combines two techniques to allow a single method of analyzing mixtures of 
chemicals. Through gas chromatography, the components of a mixture were first separated; 
subsequently the separated components were characterized and identified individually by mass 
spectrometry.  By combining these two techniques, this instrument not only allows qualitative 
and quantitative evaluation, but also identification of components in a mixture solution. Pertinent 
to this project, this instrument allows efficient identification of specific fatty acids contained in 
the various species of algae oil. In the future, this instrument will aid in qualitative and 
quantitative evaluation of the different chain length FAMEs in the biodiesel produced from the 
algae oil. 

An Agilent 6890 gas chromatograph electron impact mass spectrometer was used for this 
analysis. One µL of sample solution was injected in splitless mode at a flow rate of 1.0 mL/min 
with helium as the carrier gas onto a 5% phenyl-methylpolysiloxane column (DB-5; 30m x .25 
mm i.d.; 0.25 µm film thickness).  The elution temperature program had an initial temperature of 
50 °C and then linearly ramped to 180 ºC at 15 °C min-1, then to 230 ºC at 2 °C min-1, and finally 
to 310 ºC at 30 °C min-1. The final temperature was held for 13.67 minutes (total run time = 50 
min).  Mass spectra were acquired using HP6890 MS software and peak identification was aided 
with the NIST MS library. The observed mass range was set from 37 to 800 amu to remove any 
solvent contribution.   

Results 
The GC-MS results of five different species of algae oil are presented in Appendix D (Figures 1 
to 5). Other than N. oculata which contains some fatty acid with a ten carbon chain, all algae 



lipids analyzed are primarily comprised of fatty acids that contain sixteen and eighteen length 
carbon chains with varying degrees of saturation. These observations are in agreement with 
published results on algae lipid profiles. 
 

MILESTONES  

We have completed Milestone 2 and have made started progress on Milestone 3.   

The primary goals for Milestone 3 are: 

M3 Goal 1: Onsite demonstration of cultivation techniques to RDF administration 

M3 Goal 2: Provide sample of algae biomass 

M3 Goal 3: Algae composition analysis 

M3 Goal 4: Preliminary results of algae culture tests and preservation processes  

 

PROJECT STATUS 

The project is on budget and ahead of schedule.   

 

 

 

 

 

 

LEGAL NOTICE 

THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY NSP.  IT 
DOES NOT NECESSARILY REPRESENT THE VIEWS OF NSP, ITS EMPOYEES, OR 
THE RENEWABLE DEVELOPMENT FUND BOARD.  NSP, ITS EMPLOYEES, 
CONTRACTORS, AND SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR 
IMPLIED, AND ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS 
REPORT; NOR DOES AND PARTY REPRESENT THAT THE USE OF THIS 
INFORMATION WILL NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.  THIS 
REPORT HAS NOT BEEN APPROVED OR DISAPPROVED BY NSP NOR HAS NSP 
PASSED UPON THE ACCURACY OR ADEQUACY OF THE INFORMATION IN THIS 
REPORT. 
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Picture 1.  Algae to left are unhealthy vs. healthy algae on the right.   
 



 
 

Picture 2.  Algae paste post harvesting with the centrifuge (not dried yet).  
 

 

 

 
 
 



 
 

Picture 3.  A picture of three aquariums.  The tertiolecta aquarium (middle)  and salina aquarium 
(right) are significantly darker than the nanno aquarium (left).   The light is able to penetrate 
further into the aquarium with a lower optical density.  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 4.  An example that shows the differences in light penetration as the density of the 
culture increases, which then affects the growth rate. 
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APPENDIX B 
 
Table 1.  Analysis of Algae Residue after Soxhlet Extraction of Lipid.  
 

Analysis D.parva D. tertiolecta N. oculata 
Moisture 11.26% 5.54% 4.17% 
Ash  17.54% 8.54%  8.31% 
Carbohydrate  16.42% 28.24% 31.60% 
Fat (ethyl ether)    1.28% 0.58% 1.32% 
Fiber, crude  1.22% 5.14% 1.81% 
Protein   53.50%  53.50% 54.60% 

 
 
Table 2.  Growth Rates for Different Algae Species. 
 

Algae Species Average Growth (g/L/day)* 
Dunaliella  tertiolecta .0790 
Dunaliella  parva  .0446  
Dunaliella  salina .0375  
Nannochloropsis oculata .0556 

 
*The overall average growth rate is the sum of growth achieved over the duration of the experiment divided by the 
total days.     
 
 
Table 3.  Average Carbon Dioxide Capture by Algae Species Extrapolated to Tons per Acre per 
Year. 
 

ALGAE CARBON DIOXIDE CAPTURE (tons/acre/year) 
Species Based on Harvest Based on Optical Density 
Dunaliella tertiolecta 42.12 61.77 
Dunaliella parva 16.69 23.49 
Dunaliella salina 15.91 16.23 
Nannochloropsis oculata 26.09 37.96 

 
*Based on: 365 days/year production, water depth =0.30 meters, 100% capture efficiency .  
The potential for sequestering carbon dioxide by the individual species is shown in table 2.  The D. tertiolecta 
clearly stands out from the rest.  The data are based on average growth rates, indoors and under fluorescent lighting 
(see Table 1).  Growing the algae outdoors under natural sunlight has potential for higher growth rates (Zitelli, et al) 
and therefore greater amounts of carbon dioxide capture.  The output of artificial light is typical less than that of 
natural sunlight.     
 
 



 
 
 
Table 4. Final Growth Medium 
 

Ingerdient Amount (g/L) 
MgCl2. 6H2O 0.75 g/L 
MgSO4.7H2O (Epson) 0.5 g/L 
KCl 0.2 g/L 
CaCl2.2H2O (Dowflake) 0.1 g/L 
KNO3 1 g/L 
NaCl 10 g/L 
FeCl3 0.05 g /L 
1% KH2PO4 solution 5.0 ml/L 
Micronutrient Stock Solution** 1.0 mL/L 

 
**Micronutrient Stock Solution  
Salt  
EDTA-Na 1600 mg/L 
ZnCl2 40 mg/L 
H3BO3  600 mg/L 
CoCl2.6H2O 14.2 mg/L 
CuCl2.2H2O 40 mg/L 
MnCl2.4H2O 400 mg/L 
(NH4)6 Mo7O24.4H2O 380 mg/L 

 
 



APPENDIX C 

The following graphs depict the growth of the algae through measurements of optical density 
(O.D.) and chlorophyll-a.  Optical density is a measurement of the abundance of algae cells in 
the liquid sample, however, if other suspended matter is present it will affect the reading.  We 
use a Milton Roy Spectronic 20D at 450nM wavelength to measure O.D.   

Pictures of various stages in the growth and harvest cycle of the algae species are shown below. 

Chlorophyll-a  is measured with a fluorometer; we use a Turner Designs Aquafluor model 8000-
010.  The chlorophyll in the algae cells fluoresces which the instrument measures.  The 
production of chlorophyll indicates that the algae are growing and reproducing.   Our data for 
chlorophyll-a  are not absolute measurements but rather they are relative to the samples used for 
the original calibration of the instrument.   Daily measurements show us whether the algae has 
increased or decreased its growth from the previous days.     

The green triangles along the x-axis on the following graphs mark the dates when the PBR’s 
were diluted.  Portions of the graphs that have steep inclines represent periods of fast or 
exponential algae growth.    
 
 

 



 
 
 



APPENDIX D 
 

 
 
Figure 1. Lipid profile of Dunaliella parva separated and identified by GC-MS. Peak 1 : 
Hexadecenoic acid methyl esters. Peak 2: 12-Octadecadienoic acid methyl esters. Peak 3: 
9,12,15-Octadecatrienoic acidmethyl esters.  
 



 
 
Figure 2. Lipid profile of Dunaliella salina separated and identified by GC-MS. Peak 1 : 7,10-
Hexadecadienoic acid methyl esters. Peak 2: Hexadecenoic acid methyl esters. Peak 3: 6,9,12-
Octadecatrienoic acid methyl esters. Peak 4: 9,12-Octadecatrienoic acid methyl ester. Peak 5: 
9,12,15-Octadecatrienoic acid methyl ester 



 
 
Figure 3. Lipid profile of Dunaliella tertiolecta separated and identified by GC-MS. Peak 1 : 
Hexadecadienoic acid methyl esters. Peak 2: Hexadecatrienoic acid methyl esters. Peak 3: 
Hexadecanoic acid methyl esters. Peak 4: Octadecadienoic acid methyl ester. Peak 5: 
Octadecatrienoic acid methyl ester 



 

 
 
Figure 4. Lipid profile of wildtype algae separated and identified by GC-MS. Peak 1 : 9-
Hexadecenoic acid methyl esters. Peak 2: Hexadecenoic acid methyl esters. Peak 3: 12-
Octadecadienoic acid methyl esters. Peak 4: 12,15-Octadecatrienoic acid methyl ester. Peak 5: 
Octadecanoic acid methyl ester 



 

 
 

Figure 5. Lipid profile of Nannochloropsis oculata separated and identified by GC-MS. Peak 1 : 
Dodecanoic acid methyl esters. Peak 2: 7,10-Hexadecadienoic acid methyl esters. Peak 3: 
Hexadecanoic acid methyl esters. Peak 4: 9,12-Octadecadienoic acid methyl ester. Peak 5: 
9,12,15-Octadecatrienoic acide methyl ester. Peak 6: Octadecanoic acid methyl ester 
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