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Production pathway

Although there has been a large research effort associated with individual parts of various algal biofuel
production pathways, few studies have tracked changes in product composition throughout an inte-
grated biofuel production process. This study uses microscopy and chromatography to analyze the
progression of lipid profile and cell structure of algal cells throughout a research-scale production
pathway for biocrude. For the specific processing methods used in this pathway, it is shown that TAG
content decreased, while DAG and FFA content increased during processing. The changes in the lipid
content corresponded to cell degradation that was observed by SEM and TEM throughout processing.
These results demonstrate the dynamic nature of lipid composition in an algal culture used for biofuel
production and emphasize the need to monitor changes in lipid profile, as those changes can directly
Lipid impact biofuel productivity.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Algae have emerged as a promising biofuel feedstock that can be
used to produce several different fuel products, including ethanol,
renewable diesel, hydrogen, methane, and biomass for electricity
[1-3]. This study characterizes the progression of the algal lipid
profile and cell structure throughout an integrated research-scale
production pathway. The production pathway has been described
previously [1,4,5] and consists of outdoor algal growth, harvesting,
cell lysing, and lipid separations.

There is a general lack of methodology for tracking the changes
in product composition throughout algal biocrude production. The
lipid content is almost exclusively reported during growth [6—10].
A few studies have considered the effect of lipid content or lipid
type on conversion processes (thermochemical conversion or
transesterification) [11—15]. The lipid profile of microalgae used for
aquaculture feed, and changes during storage, is often measured
[16,17]. However, little information is available regarding changes
in the lipid content throughout large-scale biofuel production, and
the changes might be significant [8,18—20]. Furthermore, lipids are
often reported in total [6,12,15,21], while individual lipid species,

* Corresponding author. The Center for Electromechanics, 1 University Station
(2200, Austin, TX 78712, USA.
E-mail addresses: colinmbeal@gmail.com, cbeal@mail.utexas.edu (C.M. Beal).

0960-1481/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.renene.2012.06.027

such as mono-, di-, and triglycerides (MAG, DAG, and TAG), free
fatty acids (FFA), and long chain hydrocarbons (LCH), are rarely
tracked throughout production. In this study, thin layer chroma-
tography (TLC), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM) are used to characterize the
progression of lipid profile and cell structure throughout the bio-
crude production pathway.

2. Materials and methods
2.1. Production pathway

The production pathway analyzed in this study is shown in Fig. 1.
A marine Chlorella species (IKAS 603, provided by Kuehnle Agro-
Systems, Inc.) was used for three batches. Three growth volumes
were used, as shown in Fig. 2. A cyanobacterial contaminant
(believed to be Pseudoanabaena sp. [22]) was present in Batch 1 and
Batch 2, and the relative amount of lipids in the cyanobateria, is not
known. Although the contamination is undesirable, it is expected to
be representative of future large-scale algal biomass production for
biofuels.

Chlorella were cultivated with modified F/2 medium, including:
Instant Ocean salt (15 g/L), urea (882 puM), sodium phosphate
monobasic hydrate (36.2 uM), ferric chloride hexahydrate
(11.7 pM), EDTA dehydrate (11.7 pM), manganese (II) chloride
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Fig. 1. The production pathway includes cultivation, harvesting via centrifugation,
electromechanical pulsing, and lipid separations via solvent extraction.

tetrahydrate (0.91 uM), copper sulfate pentahydrate (39.3 nM), zinc
sulfate heptahydrate (76.5 nM), cobalt (II) chloride hexahydrate
(42 nM), sodium molybdate dihydrate (26 nM), vitamin B12 (369
pM), vitamin H (2.05 nM), and vitamin B1 (296 nM) (cf. utex.org).
The greenhouse tank was also continuously supplied with a CO,/air
mixture to maintain a pH of ~7.5—8. Indoor cultures (in both airlift
bioreactors) were maintained at ~24 °C, were supplied with arti-
ficial illumination with a 12 h on/off cycle, and a continuous stream
of 1.1% CO; in air. The COy/air mixture exhausted from the biore-
actor was ~0.81% CO,, on average. For Batch 1, 40 L was obtained
from the greenhouse tank, with an algal concentration of 0.033 g/L.
In Batch 2, 20 L from the 100 L indoor bioreactor was combined

Fig. 2. A) Greenhouse tanks B) 100 L indoor, artificailly lit photobioreactor C) 300 L
indoor artificially lit photobioreactor.

with 20 L from the greenhouse tank, yielding an algal concentration
of 0.46 g/L. For Batch 3, 80 L were harvested from the 300 L indoor
bioreactor with an algal concentration of 0.41 g/L.

A centrifuge (Westfalia Separator, model SA 1-01-175) was used
to concentrate the algae for this study. Centrifugation yielded algal
concentrations of 1.95 g/L, 41.87 g/L, and 15.83 g/L, which represent
concentration factors of 57x, 91x, and 39x, respectively. After
concentration, the algae were left in a dark container at room
temperature ( ~24 °C) overnight (for about 18 h).

The concentrated algae were then exposed to electromechanical
pulsing in a process designed to lyse the cells [4]. After lysing, the
algae were again left in a dark container at room temperature
(~24 °C) overnight (for about 20 h).

A custom extraction process was used to separate lipids from the
other biomass. The algal biomass was suspended in methanol at
80 °C for 1 h, the methanol fraction was removed, the biomass was
re-suspended in hexane, and again incubated at 80 °C for 1 h. The
recovered lipids were stored at 4 °C until TLC analysis. Lipid
composition of the post-extraction biomass was only evaluated for
Batch 3.

2.2. Sample collection

Table 1 lists the samples that were collected and the approxi-
mate times that each sample was collected. For Batch 3, the dry
weight and TLC analyses were conducted in triplicate. After
collection, the samples were refrigerated until they were processed
for TLC analysis (0—2 h after collection). For electron microscopy,
only samples from Batch 2 were analyzed and all samples were
fixed immediately upon collection.

2.3. Dry weight

The algal concentration was determined for each sample listed
in Table 1. These samples were centrifuged and the pellet was
washed three times to remove salts. Then, the samples were heated
at 70 °C until constant weight was obtained.

2.4. Thin layer chromatography

For lipid composition analyses, all samples were centrifuged and
the pellet and supernatant were analyzed separately. The super-
natant fractions were treated sequentially with methanol and
chloroform. Following intense vortexing and separation of the
liquid phases, the organic phase was collected. This process was
repeated with chloroform two additional times and the organic
phases containing released lipids were pooled. The algal biomass
pellets were re-suspended in methanol and heated to 65 °C for
30 min. Following centrifugation, the methanol fraction was
collected. The remaining pellet was re-suspended in chlor-
oform:methanol (4:1), vortexed, and incubated at 50 °C for an
additional 30 min. The recovered organic fraction was pooled with

Table 1
Samples collected.

Description #1  Time, Vol. #2  Time, Vol. #3®  Time, Vol.

Pond 1-1 Oh1L 2-1 Oh,1L 3-1 0h,100 mL
Pre-centrifuge 12 3h,1L 2-2 6h1L 3-2 3h,100 mL
Post-centrifuge 1-3 3.5h,10mL 2-3 65h,10mL 3-3 35h,10mL
Pre-lysing 1-4 21h,10mL 2-4 24h,10mL 3-4 21h,10mL
Post-lysing 1-5 22h,10mL 2-5 25h,10mL 3-5 22h,10mL
Pre-extraction 1-6 45h,10mL 2-6 45h,10mL 3-6 45h, 10 mL
Post-extraction 2-7* 47h,05mL 3-7 47h, 10 mL

2 Sample 2-7 was analyzed by SEM and TEM, but not TLC.
b Triplicate dry weight and TLC analyses were conducted on all samples in Batch 3.
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Fig. 3. The lipid content for each batch as indicated by pixel density (of the band associated with that lipid species) divided by algal dry weight of that sample. A) Batch 1 B) Batch 2

C) Batch 3 (error bars represent the standard deviation for triplicate samples).

the methanol fraction. Extracted lipids were re-suspended in
250 pL of chloroform, and then stored at 4 °C in the dark until TLC
analysis.

For each sample, 5 pL was spotted onto a 15-pm-particle size
silica-gel-matrix plate along with a series of lipid standards. Lipids
were developed via a 2-part solvent system: chloroform followed
by hexane:diethyl ether:acetic acid (80:19:1), then resolved with
iodine vapors. This TLC procedure is only selective for unsaturated
lipids. Image ] software was used to quantify the pixel density of
each band from photographs of the completed TLC plates. The lipid
standard (Sigma Aldrich, cat. #1787) consisted of 1 pg/uL each of

glyceryl trioleate (TAG), 1,3-Diolein (1,3 DAG), 1,2-dioleoyl-rac-
glycerol (1,2 DAG), monoolein (MAG), and oleic acid (FFA). Lipid
standard curves were obtained with linear R? values greater than
0.97 for all species on all of the plates. However, several of the
processing samples’ bands produced pixel intensities that were
outside the range of the standard curves. As a result, some bands
could not be used for quantification, so, the pixel density values are
used in this study as relative indicators of the amount of each lipid
species.

The pixel density measured for every lipid species in a sample
was divided by the dry weight of that sample, yielding data that

Fig. 4. a—e) SEM images for sample 2-1. f—j) TEM images for sample 2-1.
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Fig. 5. a—e) SEM images for sample 2-2. f—j) TEM images for sample 2-2.

correlates to lipid content per gram of algae (in units of a.u./g). 2.5. Electron microscopy

Finally, all of the ‘pixel density per dry weight' values were

normalized by the maximum value obtained for TAG within that Immediately after collection, 0.5 mL of each sample was added to
batch. Appendix A contains the raw data for each sample. 0.75 mLof fixative (2.5% glutaraldehyde and 2% paraformaldehyde in

Fig. 6. a—e) SEM images for sample 2-3. f—j) TEM images for sample 2-3.

Fig. 7. a—e) SEM images for sample 2-4. f—j) TEM images for sample 2-4.
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Fig. 8. a—e) SEM images for sample 2-5. f—j) TEM images for sample 2-5.

0.1 M cacodylate buffer pH 7.4, similar to [23]), with 0.25 M sucrose 7.4 pH). For scanning electron microscopy (SEM), the fixed samples
added as an osmotic substitute. After ~18 h, the samples were were rinsed in Hy0, attached to glass with poly-L-lysine, dehydrated
rinsed with 0.1 M cacodylate buffer, decreasing the sucrose to zero in with ethanol (50%—70%—95%—100%), and dried in a CO critical
three steps, and then fixed with reduced osmium (2% osmium point dryer. The dried samples were sputter coated with 12 nm of
tetroxide and 2% potassium ferrocyanide in 0.1 M cacodylate buffer iridium and imaged in a Zeiss Supra FE-SEM. For transmission

Fig. 10. a—e) SEM images for sample 2-7. f—j) TEM images for sample 2-7.
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electron microscopy (TEM), the cells after osmium fixation were
encased in agar, infiltrated with epoxy resin (1:1 mixture of Spurr
and EMBed 812, Electron Microscopy Sciences, Hatfield, PA), then
sectioned and imaged at 80 kV with an FEI Tecnai BioTwin TEM.

3. Results and discussion
3.1. Lipid profile

The trends observed for these batches, which are consistent
with more than a dozen previous large-scale batches, include
a decrease in TAG content and concurrent increases in 1,3 DAG, 1,2
DAG, and FFA content throughout processing, as shown in Fig. 3.
Although these trends have been observed in all of the batches that
have been processed, there is significant variability in the specific
quantity of each lipid species in a given sample among batches (e.g.,
the TAG content in sample 5 among different batches). This vari-
ability is not uncommon for algal cultures. Triplicate samples were
processed for Batch 3, and the standard deviation is shown with
error bars in Fig. 3c.

The TAG content was a maximum in sample 1-2, 2-3, and 3-1
and then decreased by 51%, 47%, and 54% in the pre-extraction
samples (sample #6) for batches 1, 2, and 3, respectively. There
was no TAG measured in the supernatant of the samples. For all
three batches, the content of FFA and DAG (1,3 and 1,2) increased
throughout processing (until extraction). In Batch 3, most of the
TAG and DAG were recovered during extraction, however, the FFA
content per dry weight of the post-extraction biomass (sample 3-7)
was greater than the pre-extraction biomass. It is believed that the
FFA detected in sample 3-7 were breakdown products (especially
from phospholipids) that were produced as a result of the extrac-
tion process, but after the lipid phase (i.e., the biocrude) was
removed.

The reduction in TAG content may be a metabolic result of lipid
turnover as the algae were being exposed to severe stress condi-
tions (darkness, change in temperature, high algal concentration,
lack of COy, change in oxygen concentration (not measured), and
a change in nutrient availability (not measured)). Although algae
can increase TAG content during cultivation under mild stress
conditions [8], processing methods used in this study could have
caused the algae to undergo catabolism, similar to the processes
that occur at night [20,24]. It is also possible that the TAG was
degraded into breakdown products, including DAG and FFA, during
processing as a function of enzymatic lipase activity or physical
degradation (e.g, resulting from electromechanical pulsing).
Although chemical hydrolysis would also result in the conversion of
TAG to DAG/FFA, this generally requires temperatures greater than
200 °C [25]. The increase in DAG and FFA shown in Fig. 3 is
generally coincident with the decreases in TAG. However, in all
cases, there is a greater increase in the DAG and FFA content during
processing than there is a decrease in the TAG content, suggesting
that other sources, such as phospholipids, are responsible for, or
contribute to, the DAG and FFA content increase.

Previous studies have shown the breakdown of complex lipids
of various organisms into DAG and/or FFA [26—32], especially
under stress [29]. DAG and FFA are produced from TAG as precur-
sors for phospholipid synthesis [28—30] and can also be produced
from membrane phospholipids such as phosphotidylethanolamine
(PE) and phosphotidylcholine (PC) [26—28,31,32]. The presence of
lipids in the supernatant fraction occurs mainly in post-lysing
samples, which supports the hypothesis that these lipid species
are produced from phospholipid membranes. It is not clear exactly
which biological, chemical, and physical processes were acting on
the algae in this experiment.

3.2. Cell structure

Figs. 4—10 show SEM and TEM images obtained for Batch 2.
Most of the images focus on the algal cells, however cyanobacteria
are specifically shown in Figs. 4j,5j,6j,7j. The cells in sample 2-4
(pre-lysis) begin to appear “puckered” and in a few cases, the cells
contain significant invaginations or holes. Post-lysis cells (sample
2-5) are damaged, non-spherical, and wrinkled. Although the
external structure begins to deteriorate in samples 2-4 and 2-5, the
internal structure and compartmentalization appear to be intact, at
least for most of the cells in these samples. About 20 h after lysing
the cells are significantly damaged internally and externally, and in
many cases the cells developed holes. Finally, only a few algal cells
appear in the SEM images obtained for the post-extraction biomass
(sample 2-7), and these cells are severely damaged, as expected.

In addition to the drastic degradation between samples 2-6 and
2-7, there were also significant structural changes between samples
2-3 and 2-4 and between sample 2-5 and 2-6. These intervals
correspond to times when the algae were left in a dark container at
high algal concentration (~40 g/L) overnight following either
centrifugation or electromechanical pulsing, respectively.

4. Conclusions

The results presented in this study are consistent with those
observed during more than a dozen large-scale batches (~2000 L
each) processed using a similar production pathway. Thus, it is
believed that the trends observed, namely a decrease in TAG
content and an increase in DAG/FFA content, are characteristic of
the research-scale production pathway used here. Based on the
chromatography and microscopy results, it is proposed that DAG
and FFA are generated as breakdown products of TAG and phos-
pholipids. The breakdown could occur physically (due to damage
imposed by processing methods) or biochemically (e.g., via lipase
activity). The thrust of this study is to demonstrate that changes in
lipid profile and cell structure can occur and that these changes can
affect the final biofuel yield. This work is not, however, a summary
of a full understanding of the mechanisms responsible for the
observed behavior. Nor are the results presented here necessarily
representative of other production pathways.

The value of this study is to demonstrate that the algal lipid
composition can change during biofuel processing and to provide
a relatively simple method for tracking these changes throughout
an integrated production pathway. It is important to monitor lipid
content changes, especially during the production of petroleum
fuel substitutes from algal biocrude (i.e., lipids). Not only does the
amount of lipid impact the biofuel yield, but also the type of
available lipids affects production methods as different lipids will
require different downstream processing techniques.
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Appendix A. Data

Table A1 lists the data obtained for each of the samples in
batches 1, 2, and 3. The data presented for Batch 3 are averages
across the triplicate samples analyzed and the standard deviation
for these data are listed below. The samples are listed in Table 1 and
shown in Fig. 1.
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Table A1

Algal concentration (DW/L, in grams per liter), the pixel density (in a.u., “Pix Dens") for each lipid species (TAG, 1,3 DAG, 1,2 DAG, and FFA) as measured by Image J, and the value

for the normalized pixel density per dry weight (a.u., “Norm. Pix Dens/DW").

Sample DWI/L TAG Pix TAG Norm. 1,3 DAG Pixel 1,3 DAG Norm. 1,2 DAG 1,2 DAG Norm. FFA Pix FFA Norm.
(g/L) Dens Pix Dens/DW Dens Pix Dens/DW Pix Dens Pix Dens/DW Dens Pix Dens/DW

1-1P 0.03 394.43 0.55 0.00 0.00 0.00 0.00 0.00 0.00
1-18 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-2P 0.03 439.83 0.61 0.00 0.00 0.00 0.00 0.00 0.00
1-28 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-3P 1.95 418.14 1.00 33.90 0.08 0.00 0.00 63.08 0.15
1-3S 1.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-4P 193 411.22 0.99 0.00 0.00 12.92 0.03 53.68 0.13
1-4S 1.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-5P 1.81 225.83 0.58 38.55 0.10 4725 0.12 166.10 043
1-5S 1.81 0.00 0.00 243.13 0.63 157.95 0.41 128.01 033
1-6P 1.80 209.04 0.54 201.74 0.52 217.28 0.56 344.32 0.89
1-6S 1.80 0.00 0.00 327.83 0.85 266.79 0.69 359.08 0.93
2-1P 0.46 1091.38 0.77 1477.43 1.04 121.62 0.09 0.00 0.00
2-1S 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-2P 0.46 1405.55 1.00 1984.82 141 134.54 0.10 0.00 0.00
2-2S 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-3P 41.76 795.70 0.62 2303.79 1.80 67742 0.53 467.23 0.36
2-3S 41.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-4P 40.44 74548 0.60 2347.21 1.89 684.22 0.55 4323.21 348
2-4S 40.44 0.00 0.00 0.00 0.00 0.00 0.00 246.10 0.20
2-5P 39.94 548.87 0.45 2390.33 1.95 911.14 0.74 3884.40 317
2-58 39.94 0.00 0.00 556.34 0.45 267.17 0.22 791.26 0.65
2-6P 37.49 531.46 0.46 4333.18 3.76 2687.66 233 3884.38 337
2-6S 3749 0.00 0.00 1267.65 1.10 550.08 0.48 2367.11 2.06
3-1p 0.41 5193.00 1.00° 0.00 0.00 0.00 0.00 886.00 0.17
3-1S 041 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3-2P 041 5068.67 0.97 0.00 0.00 0.00 0.00 860.00 0.16
3-2S 041 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3-3p 15.83 9430.33 047 892.33 0.04 0.00 0.00 2235.00 0.11
3-35 15.83 0.00 0.00 0.00 0.00 0.00 0.00 1338.33 0.07
3-4P 14.19 8451.67 0.47 1284.67 0.07 0.00 0.00 3185.67 0.18
3-4S 14.19 0.00 0.00 0.00 0.00 0.00 0.00 1428.33 0.08
3-5P 11.81 7329.67 0.48 4848.67 032 0.00 0.00 8345.67 0.55
3-58 11.81 0.00 0.00 0.00 0.00 0.00 0.00 2256.00 0.15
3-6P 11.53 6766.00 0.46 4778.67 032 53033 0.04 8721.00 0.59
3-6S 11.53 0.00 0.00 0.00 0.00 0.00 0.00 10,303.33 0.70
3-7P 8.65 1376.33 0.12 621.33 0.06 0.00 0.00 6179.00 0.56
3-78 8.65 0.00 0.00 1010.00 0.09 1693.00 0.15 18,678.67 1.69
Standard deviation

3-1P 0.00 15243 0.02 0.00 0.00 0.00 0.00 19.47 0.00
3-1S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3-2P 0.00 120.65 0.03 0.00 0.00 0.00 0.00 38.97 0.01
3-28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3-3p 0.30 114.31 0.01 29.37 0.00 0.00 0.00 169.72 0.01
3-38 0.30 0.00 0.00 0.00 0.00 0.00 0.00 196.01 0.01
3-4P 0.22 224.56 0.01 43.55 0.00 0.00 0.00 113.56 0.01
3-4S 0.22 0.00 0.00 0.00 0.00 0.00 0.00 278.29 0.02
3-5P 0.08 158.14 0.01 147.51 0.01 0.00 0.00 7827 0.01
3-5S 0.08 0.00 0.00 0.00 0.00 0.00 0.00 65.64 0.00
3-6P 0.15 11241 0.01 149.37 0.01 79.56 0.01 117.20 0.02
3-6S 0.15 0.00 0.00 0.00 0.00 0.00 0.00 599.63 0.04
3-7P 047 111.59 0.01 112.08 0.01 0.00 0.00 170.40 0.04
3-75 047 0.00 0.00 124.29 0.02 242.50 0.03 452.55 0.08
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