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a b s t r a c t

Microalgae have been investigated as a promising biodiesel feedstock; however, large-scale

production is not currently cost-competitive with petroleum diesel, and its environmental

impacts have received little attention. Using wastewater to supply nutrients for algal

growth obviates synthetic fertilizer use, provides on-site nutrient removal, and reduces

greenhouse gas emissions. In this work, anaerobically digested dairy manure was used to

grow the oleaginous green alga Neochloris oleoabundans. In batch culture experiments with

both synthetic media and anaerobic digester effluent, N. oleoabundans assimilated 90e95%

of the initial nitrate and ammonium after 6 d and yielded 10e30% fatty acid methyl esters

on a dry weight basis. Cellular lipid content and the N concentration in the growth media

were inversely correlated. In addition, the proportion of polyunsaturated fatty acids (i.e.

C16:3, C18:2, and C18:3) decreased with N concentration over time while the proportion of

C18:1 fatty acid increased. Although N deficiency is likely the primary driver behind lipid

accumulation, the influence of culture pH confounded results and requires further study.

Other living microorganisms in the digester effluent were not observed to affect algal

growth and lipid productivity, though the breakdown of organic nitrogen may have

hindered lipid accumulation traditionally achieved through the manipulation of synthetic

media. This work highlights the potential for waste-grown mono-algal cultures to produce

high quality biodiesel while accomplishing simultaneous wastewater treatment.

ª 2010 Elsevier Ltd. All rights reserved.
1. Introduction petroleum diesel because it is compatible with existing diesel
The demand for liquid transportation fuels continues to rise

amidst concern over climate change, air pollution, ecosystem

destruction, and national security challenges related to the

production and combustion of petroleum. Biodiesel, amixture

of fatty acid alkyl esters commonly derived from the trans-

esterification of vegetable oils, is an attractive replacement for
8; fax: þ1 734 763 0459.
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engines, reduces tailpipe emissions of most criteria air

pollutants, biodegrades, and can be produced from domesti-

cally available, biologically derived feedstocks [1,2]. Recently,

interest has grown in using oleaginous microalgae as a non-

edible biodiesel feedstock, largely on the promise of high oil

yields (5000 to 100,000 L ha�1 y�1), the opportunity to capture

waste CO2, and the ability to cultivate algae on abandoned or
d.
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unproductive land using brackish, salt or wastewaters instead

of freshwater [3e6].

Despite its potential advantages, algae cultivation gener-

ally requires nutrients (e.g., N and P) in large quantities, which

can significantly affect the cost and environmental impact of

its production. A recent life-cycle assessment (LCA) estimated

that fertilizer use could account for approximately 50% of the

energy and greenhouse gas (GHG) emissions related to algal

feedstock production [7]. Instead of using synthetic fertilizers,

some of which are finite resources (e.g., mined P) and all of

which are increasingly expensive, nutrients for algal produc-

tion can be supplied frommunicipal, industrial or agricultural

wastewaters [8]. Concentrated animal feeding operations

(CAFOs) that employ anaerobic digestion as a primary waste-

processing step are a particularly promising source of nutri-

ents for algal cultivation [9]. Anaerobic digestion is commonly

used to reduce manure’s biological oxygen demand, decrease

putridity and odors, and produce electricity by combusting the

resulting biogas (ca. 60% CH4 and 40% CO2). Despite such

advantages, anaerobic digestion does not generally diminish

N and P levels of the waste stream and, in fact, often increases

the bio-availability of these nutrients (e.g., N in the form of

NH4
þ) [10]. This is problematic for CAFOs, which generally

producewaste streams that are too highly concentrated or too

large to be dissipated by means of field application without

incurring the environmental and economic costs of hauling

liquid manure to distant fields for spreading, NH3 volatiliza-

tion, and nutrient run-off leading to eutrophication of nearby

waterways [11e13]. To mitigate these environmental impacts,

the liquid effluent and biogas of anaerobic digesters can be

used as a nutrient and carbon source, respectively, for

enhancedmicroalgae cultivation. Once harvested, ADE-grown

algae can be processed to extract lipids for biodiesel conver-

sion, while the remaining solids can be used as a fertilizer,

animal feed, fermented to produce ethanol, or digested to

produce additional electricity and return nutrients to the

effluent [3]. Given the co-location of a highly concentrated

nutrient and CO2 source, appropriate climate, and flat terrain,

CAFOs can be ideal settings for algal biorefineries.

Like most wastewaters, anaerobic digester effluent (ADE)

presents unique challenges for algal cultivation that are not

typically encountered with chemically defined media,

including high and potentially unbalanced concentrations of

organic and inorganic nutrients, high turbidity, and the pres-

ence of potentially competitivemicroorganisms. In contrast to

the large body of work carried out with green algae in

synthetic media, which has largely focused on the role that

chemical and physical stressors play in intracellular triglyc-

eride (TG) accumulation [5,14], relatively little is known about

how ADE can be effectively used to grow algae as a biodiesel

feedstock. Specifically, data are lacking regarding the influ-

ence of wastewater dilution, buffering capacity, nutrient

composition and loading rates, and bacterialealgal interac-

tions on algal biomass and lipid yields. Furthermore, it

remains to be seenwhethermono- or polycultures of algae are

better suited to biodiesel feedstock production when using

waste nutrients sources. Early work by the Aquatic Species

Program (1978e1996) advocated for the use of wastewater-

grown polycultures of endogenous, unicellular algae [15], but

the lipid content of such cultures was rarely reported and
recent evidence suggests it is typically relatively low (5e15%

lipids on a dry weight basis) [16e18]. Mixed periphyton

cultures grown on raw and digested animalmanurewere even

less suitable for biodiesel production, containing only

0.6e1.5% lipids [19]. The relatively low lipid content of

wastewater-grown polycultures suggests that the mainte-

nance of a mono-algal population known to be capable of

accumulating TG, if possible, may result in higher overall

biodiesel yields.

Previous attempts to grow mono-algal populations on

wastewater usedmostlymunicipal sources (either diluted and

filtered [20] or with chemical additives [21]) or focused on

algae that are not well suited to biodiesel production (e.g.,

Botryococcus braunii [22e24]). Recently, however, a wild-type

isolate of Chlorella sp. was grown on diluted ADE [25], though

filtering was used to remove indigenous bacteria and data on

lipid productivity in either synthetic media or ADE were not

given. In this work, we examine the feasibility of maintaining

a specific, oleaginous alga on dairy-derived ADE and deter-

mine the impact of culture conditions on lipid productivity

and quality. The unicellular, green algaNeochloris oleoabundans

was chosen for this study due to its reportedly high TG content

under conditions of N stress [26e30]. However, with the

exception of a single study involving NH4HCO3 as an N source

[31], previous work has reported on N. oleoabundans grown

in synthetic media with nitrate (NO3
�). To determine if this

alga is a suitable candidate for integrated biodiesel feedstock

production and wastewater treatment, we examined biomass

growth and lipid productivity in both synthetic media con-

taining ammonium (NH4
þ) and diluted, NH4

þ-rich ADE. N

assimilation was studied as a proxy for wastewater treatment

efficacy and changes in lipid composition due to N source, N

concentration, and culture pH were reported as indicators of

biodiesel fuel quality. Finally, a brief case study detailing the

potential for algal biodiesel production at a typical U.S. CAFO

is presented.
2. Materials and methods

2.1. Microorganism, media composition, and culture
maintenance

Growth and lipid productivity of N. oleoabundans (University

of Texas Culture Collection of Algae #1185) were examined

in synthetic media, anaerobic digester effluent (ADE), and

sterile ADE. Cultures were maintained in a modified Bold’s

Basal Medium (MBBM) (concentration, mg L�1): CaCl2$2H2O

(25), MgSO4$7H2O (75), K2HPO4 (75), KH2PO4 (175), NaCl (25),

Na2EDTA$2H2O (4.5), H3BO3 (2.86), FeCl3$6H2O (0.58),

MnCl2$4H2O (0.25), CuSO4$5H2O (0.079), ZnCl2 (0.030),

CoCl2$6H2O (0.012), Na2MoO4$2H2O (0.024), vitamin B12 (0.131),

biotin (0.024), and thiamin (0.534). In batch culture experi-

ments, N was provided as NaNO3 or NH4Cl at concentrations

ranging from 0 to 100 mg L�1. N concentrations in MBBM-NH4
þ

batches (50, 25, and 10 mg L�1) were designed to approximate

ADE that had been diluted 1:50, 1:100, and 1:200, respectively

(Table 1). Synthetic media were prepared with purified

deionized water, autoclaved, and adjusted to pH 7.2 with 1 N

NaOH. Additional microorganisms in N. oleoabundans cultures

http://dx.doi.org/10.1016/j.biombioe.2010.08.035
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Table 1 e Comparison of nutrients in synthetic media
(MBBM-NH4

D) and anaerobic digester effluent (ADE).

Component Concentration (mg L�1)

MBBM-NH4
þ Undiluted ADEa

Total N 100 3007

NH4
þ-N 0e100 2097

NO3
�-N 0.00 e

Organic N 0.00 910

Pb 53.10 300

Kc 84.00 3262

Ca 6.80 1044

Mg 7.40 659

Cu 0.02 9.59

Zn 0.01 20.4

Fe 0.12 64.7

Mn 0.14 16.8

B 0.50 6.00

a Manure analysis completed by UVM Agricultural & Environ-

mental Laboratory.

b P reported as mg L�1 P2O5.

c K reported as mg L�1 K2O.
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were monitored microscopically and by heterotrophic plate

counting. This background contamination was somewhat

limited by filtering (P5 qualitative filter, Fisher Scientific) and

washing inocula thoroughly in an N-free medium prior to

each experiment. Experiments using synthetic media were

inoculated with algae that were previously adapted to the

appropriate N source at the desired concentration and had

never been exposed to ADE. Flasks (250 mL) for batch culture

experiments were acid-washed, rinsed, and autoclaved. All

treatments were replicated at least twice.

A humidified 2e3% CO2-air mixture was delivered to each

flask (0.4 Lmin�1) via a linear air pump (LT15,Whitewater) and

a regulated CO2 cylinder. Light was supplied in a 14:10 h

light:dark photoperiod by two cool-white fluorescent bulbs

(Residential EcoLux 40 W, GE) and two plant and aquarium

fluorescent bulbs (Plant and Aquarium 40W, Phillips), for

a total light output at the culture flask surface of approxi-

mately 200 mmol m�2 s�1. A PAR detector (QMSW-SS, Apogee

Instruments) was used to measure irradiance. Experimental

time is reported as 1 d being equivalent to the 14 h photope-

riod (e.g., 21 total light-hours¼ 1.5 d). Considering time on

a light-hour basis allows data collected at different time

points in different experiments to be more readily compared.

Flasks were maintained at room temperature (23e25 �C).

2.2. Anaerobic digester effluent (ADE)

ADE was collected from a CAFO at Blue Spruce Farm in Brid-

port, VT (44.0 N, 73.3 W), which milks approximately 1000

cows and scrapes raw manure into a plug-flow, mesophilic

anaerobic digester maintained at 37.8 �C. The typical

hydraulic retention time is 20 d with a total reactor volume of

2300 m3. ADE is processed on-farm with a screw-press to

remove solids, which are used as animal bedding and later

returned to the digester. The remaining liquid is stored on-site

in holding lagoons and later applied to fields. The solids-

separated ADE (pH 7.5) was collected directly from the screw-
press in 20-L plastic containers and stored at 4 �C prior to use.

N. oleoabundans previously adapted to MBBM-NH4
þ was used to

inoculate flasks containing ADE diluted 1:50, 1:100, and 1:200

in purified, distilled water. No pH adjustment or sterilization

of the ADE was performed prior to inoculation, except for

one treatment group, in which ADE 1:200 was autoclaved

(A-ADE) to assess whether the native, pre-existing microbial

community affected algal growth and lipid yields. Undiluted

ADE contained both NH4
þ-N (2100 mg L�1) and organic N

(910 mg L�1) (Table 1). The organic N fraction was not char-

acterized nor monitored over time, though it is likely that

some organic N became bioavailable to the algae as a result of

hydrolysis. At all dilutions, ADE contained less P and K than

MBBM, while concentrations of Ca, Mg, and Fe were higher.

Growth curves were determined for cultures at each dilution

by subtracting the mass of the culture at the time of inocu-

lation, such that growth rates and productivity estimates

reflect only biomass increases due to new algal growth.

Biomass contributions from other microorganisms were

negligible, as confirmed by controls that were not inoculated

with algae.

In addition to small-volume batch culture experiments,

N. oleoabundans was grown on ADE in 50-L photobioreactors

(110 cm� 60.5 cm�w10 cm deep) constructed out of 0.15mm

thick polyethylene tubing (U-Line). Reactors were positioned

horizontally and lit from above (200 mmol m�2 s�1). High effi-

ciency aeration tubing (Aquatic Ecosystems) was used for gas

sparging. Reactors containing ADE diluted 1:200 were inocu-

lated (10% v/v) with algae adapted to MBBM-NH4
þ and fed with

10 L of diluted ADE (1:40) once every 7 d. Cultures were har-

vested (10 L) just prior to each feeding. Culture stability was

assessed over a three-month period through qualitative

microscopic observations. At the end of the three-month

period, ADE collected from an outdoor holding lagoon, as

opposed to directly from the screw-press separator, was

loaded with the intent to examine the influence that addi-

tional contamination might have on the viability and lipid

production of N. oleoabundans.

2.3. Analytical measurements

Biomass density (g L�1 dry weight) was measured gravimet-

rically and via optical density measurements at 600 nm.

Culture sampleswere centrifuged in pre-weighed glass screw-

top test tubes at 671 gravity for 15 min. Ion-selective elec-

trodes (ISEs, Vernier) were used according to standard

methods to measure pH, NO3
�, and NH4

þ concentrations in the

supernatant [32]. Wet algae pellets were dried at 60 �C for 24 h,

allowed to cool in a desiccator, and re-weighed. Dry pellets

were stored in the dark under N2 at 4 �C prior to lipid analysis.

Bomb calorimetry was used to determine the heating value of

dried algal biomass and the following conventional products:

pure biodiesel, canola oil, and diesel fuel.

The lipid composition of dried biomass samples was

determined using a modified, one-step in-situ trans-

esterification (IST) procedure [33,34] or a warm isopropyl

alcohol (IPA, 95%) extraction coupled with acid-catalyzed

transesterification. Total lipids in cells harvested from

synthetic media containing NO3
� were analyzed with the

modified IST procedure. Briefly, dried algal samples

http://dx.doi.org/10.1016/j.biombioe.2010.08.035
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Table 2 e Biomass and lipid productivitya in batch
culture.

Treatmentb Productivity (mg L�1 d�1)

Biomass Lipid

MBBM

NO3
� (100) 158 � 25.5 8.9 � 0.1

NO3
� (50) 134 � 8.3 11.1 � 2.3

NO3
� (10) 55 � 5.5 16.5 � 2.5

NH4
þ (50) 69.9 � 1.5 e

NH4
þ (25) 42.0 � 7.5 4.3 � 1.6

NH4
þ (10) 24.4 � 1.7 3.6 � 0.6

N (0) 13.6 � 0.8 3.1 � 1.1

ADE

ADE (1:50) 88.3 � 7.9 2.57 � 0.9

ADE (1:100) 64.0 � 8.6 1.4 � 0.5

ADE (1:200) 39.9 � 5.6 3.8 � 1.6

A-ADE (1:200) 43.8 � 18 4.7 � 2.0

a Productivities are calculated based on the time at which the

maximum biomass density or lipid content occurred.

b N concentrations (mg L�1) and ADE dilution are indicated.

Data are averages � standard error. A-ADE was autoclaved.
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(w10e50 mg) were reacted with 5 mL 10:1:0.3 CH3OH:

CHCl3:H2SO4 (v/v/v) at 90 �C for 2 h with vigorous stirring.

Water (2 mL) was added to stop the reaction and FAMES were

extracted with 4:1 C4H14:CHCl3 for gas chromatography-mass

spectrometry (GC/MS) analysis. Theoretically, this IST proce-

dure converted fatty acids (FAs) fromall lipid classes to FAMEs.

In comparison, non-polar solvents, such as n-hexane, are

typicallyused toextractonlyTGs fromoilseeds, leavingmostof

the more polar lipids in the solid. To provide a more realistic

estimate of recoverable lipids that may be readily converted

into biodiesel, samples collected from cultures grown with

MBBM-NH4
þ, ADE, and without N were processed similarly to

how biodiesel is typically made from dry soybeans, although

warmIPAwasemployedas a less toxic alternative to n-hexane.

IPA has been found to reduce lipid degradation caused by

lipolytic enzymes inplant tissuesandprovides easy separation

of the oil-solvent mixture upon cooling [35,36]. Oven-dried

biomass samples (10e50 mg) were extracted with 10 mL IPA

with vigorous stirring for 8 h at 55 �C. Following extraction,

samples were centrifuged, and the oil-IPA supernatant was

quantitatively transferred to a separate transesterification vial

using 5 mL hexane. The combined organic phase was evapo-

rated todrynessunderN2,weighedtodeterminethecrude lipid

mass, and transesterified according to Christie [35]. Briefly, the

crude lipid extract was dissolved in 1 mL toluene containing

nonadecanoic acid (Sigma) as a surrogate and reacted with

2 mL methanol containing 1% (v/v) H2SO4 for 3 h at 70 �C.
FAMES were obtained in a hexane-rich phase, which was

analyzed by GC/MS. Surrogate recoveries of methyl non-

adecanoate (C19:0; 105% typical recovery) indicated that

transesterification proceeded to completion. Given the influ-

ence of extraction procedure on the lipids recovered, a direct

quantitative comparison between lipid data for cells grown in

MBBN-NO3
� and other media is not possible. Nevertheless,

because the lipid productivity of wastewater-grown algae is of

greatest interest and because IST has been shown to recover

more lipids (as FAMEs) than two-step extraction-trans-

estertification procedures [34,37e39], the data provided herein

are a more conservative portrayal of this technology’s

potential.

FAME analysis was performed using GC/MS (Agilent 6890 N

GC, Agilent 5975 Mass Selective Detector) with a polar

SUPELCOWAX� 10 fused silica capillary column (30 m �
0.32 mm � 0.25 mm). Automated splitless injection (1 ml; 250 �C
inlet temperature) wasmade with an initial oven temperature

of 150 �C. After a 2 min hold, the temperature was ramped at

4 �Cmin�1 to 220 �C, held for 8 min, and then increased

at 10 �Cmin�1 to 260 �C. Helium was used as the carrier gas at

a constant flow rate of 1.0 mLmin�1. Calibration standards

(FAME Mix RM-3, Supelco) were prepared to contain most

FAMEs of interest, as well as the internal standard (IS) and

C19:0 surrogate. Methyl pentadecanoate (C15:0, Sigma) served

as the IS; analysis of control samples demonstrated that

endogenous C15:0 FA was present at <0.5% of total FAs, in

agreement with previous findings [27].

2.4. Biodiesel fuel quality assessment

Iodine number is a measure of the degree of unsaturation

present in a mixture of FAs, expressed as grams of iodine that
react with 100 g of sample. Iodine number was calculated as

the product of the mass percent of each FAME and the

following conversion factors [40]: C16:1 (0.950); C18:1 (0.860),

C18:2 (1.732); C18:3 (2.616); C20:1 (0.785), C22:1 (0.723).

Viscosity was estimated according to the method of Allen

et al. [41]. The total enthalpy of combustion was calculated

from known values for each pure FAME compound [40]

weighted by its relative abundance in the FAME mixture.

Pure biodiesel (B100) and transesterified canola oil were

analyzed as controls to validate the estimation of these

parameters.
3. Results and discussion

3.1. Algal growth in synthetic media

Batch culture experiments were performed to characterize

how N source (NO3
� or NH4

þ) and N concentration (0, 10, 25, 50,

100 mg L�1) affected the growth and lipid productivity of

N. oleoabundans in synthetic media. Over the course of 7 d,

N. oleoabundans grown in MBBN-NO3
� containing N at

100 mg L�1 demonstrated the highest productivity (Table 2)

and achieved the greatest cell density (Fig. 1a). Similarly

robust growth was observed for cells grown in MBBN-NO3
�

with N at 50 mg L�1, while lower NO3
� concentrations sup-

ported exponential growth for only 4 d, after which growth

ceased. In MBBM-NH4
þ, growth was impaired at high initial N

concentrations and demonstrated productivities that were

w50% lower than NO3
�-adapted cells at the same N levels

(Fig. 1b, Table 2). High NH4
þ-N concentrations (100 mg L�1)

were apparently toxic to N. oleoabundans, with cell density

never exceeding 0.1 g L�1 and complete bleaching of the

culture occurring around Day 4 (data not shown). With NH4
þ-N

at 50 mg L�1, cell biomass increased at an average of

69 mg L�1 d�1 up to Day 4 but then declined, likely in response

http://dx.doi.org/10.1016/j.biombioe.2010.08.035
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Fig. 1 e Biomass density (g LL1) of N. oleoabundans over

photo-time when grown in a) MBBN-NO3
L; b) MBBM-NH4

D;

c) ADE. Density reported represents new growth post-

inoculation. Cells grown in ADE received no light or

aeration after Day 11. Data are averages ± standard error.
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to acidification of the culture medium. Mid-level concentra-

tions of NH4
þ-N (25 mg L�1) supported the highest sustained

cell growth that was observed for NH4
þ treatments, achieving

a maximum of 0.4 g L�1. The lowest NH4
þ-N concentration

(10 mg L�1) supported cell growth over the 10 d period and

reached a similar final biomass density as the culture grown

with NO3
� at the same N level.

These results are consistent with recent literature indi-

cating that N. oleoabundans achieves the highest cell density

when N is present in concentrations ranging from 70 to

140 mg L�1 as NO3
� [31]; however, performance in NH4

þ-con-
taining media can likely be improved using fed-batch or

continuous-flow reactors to reduce inhibition related to high

initial NH4
þ concentrations. Although low pH in synthetic
NH4
þ-containing cultureswould suggestmost Nwas present in

the ionized form and, therefore, unlikely to be a direct

contributor to cellular toxicity [42], longer periods of adaption

to NH4
þ-containingmedia and selective breedingmight also be

used to improve this organism’s tolerance to ammonia.

3.2. Characterization of anaerobic digester effluent
(ADE) and its ability to support algal growth

Given that N. oleoabundans grew on a synthetic medium con-

taining NH4
þ as the sole N source, we hypothesized that ADE,

which is rich in NH4
þ, would also sustain growth of this alga.

Several dilutions of ADE were used in batch culture experi-

ments to determine how light attenuation due to suspended

solids, nutrient concentrations, and endogenous microor-

ganisms might affect N. oleoabundans growth (Fig. 1c). The

highest biomass productivity was observed in the most

concentrated ADE preparation and decreased as ADE became

more dilute (Table 2). In comparison to cells grown on all

levels of MBBM-NH4
þ, cultures in 1:50 ADE grew more quickly

and maintained higher biomass productivity for longer

periods of time. ADE diluted 1:50 and 1:200 supported growth

to maximum biomass densities similar to MBBM-NO3
� with N

at>50mg L�1 and 10mg L�1, respectively, though productivity

in ADE cultures was lower given the longer time (10 d vs. 7 d)

required to achieve these densities. After culture aeration and

illumination stopped (Day 11), growth ceased and biomass

density declined in all ADE dilutions. In all batch cultures ofN.

oleoabundans grown on ADE, other microorganisms (e.g., free

swimming ciliates and bacteria) were regularly observed, but

no additional green algae were detected.

The nutrient composition of ADE fromdairy operations can

vary widely due to different animal diets and pre-digestion

manure handling (e.g., flushing vs. scraping) [43]. In agree-

ment with our findings (data not shown), Woertz et al. [16]

reported difficulty growing algae in undiluted ADE from

a flushed dairy operation (366 mg L�1 total N and 160 mg L�1

NH4
þ-N) and used 1:4 and 1:10 dilutions in outdoor batch

cultures. In the present work, undiluted ADE contained about

10-fold higher N concentrations (Table 1) and was diluted

more aggressively. To optimize dilution strategies, future

work should consider the net impacts of using local fresh-

water, saline groundwater, or seawater, with the possibility of

improving lipid yields through osmoregulatory pathways

[44,45], as well as returning water liberated during biomass

harvesting for dilution. Optimal light attenuation should also

be considered, because while low dilution may beneficially

limit photo-oxidative damage [15], it simultaneously may

limit the photosynthetic carbon flux necessary for lipid

accumulation [31].

N. oleoabundans did not demonstrate significantly different

growth (Fig. 1c) or lipid composition when cultured in

unprocessed ADE compared to autoclaved ADE (Table 3).

Although heterotrophic nutrient remineralization and carbon

oxidation may provide nutrients and CO2, respectively, to

algal cells [46], and bacteria have been found to produce

vitamin B12 [47], which is essential to algal growth, there was

little evidence that microorganisms native to ADE contributed

to better N. oleoabundans growth in ADE. Rather, organic

nutrient sources and other complex cofactors present in both

http://dx.doi.org/10.1016/j.biombioe.2010.08.035
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Fig. 2 e N removal rates from NH4
D-containing media.

N concentrations (mg LL1) and ADE dilution are indicated.

Data are averages ± standard error.

Table 3 e Biomass lipid content and degree of fatty acid
unsaturation.

Treatmenta Lipid contentb Iodine numberc

Day 4 Day 10e11 Day 4 Day 10e11

MBBM

NH4
þ (50) 0.2 0.1 0 0

NH4
þ (25) 5.4 � 2.1 1.3 � 0.7 83 � 8.6 84 � 15.5

NH4
þ (10) 10.0 � 1.9 14.8 � 2.1 92.0 � 11.5 91.55 � 2.5

ADE

ADE (1:50) 1.6 � 0.4 2.2 � 0.7 112 � 21.1 125 � 10.2

ADE (1:100) n/a 2.3 � 1.0 n/a 122 � 5.7

ADE (1:200) 1.09 � 0.04 9.5 � 2.8 119 � 6.5 94 � 4.4

A-ADE (1:200) 1.8 � 1.3 9.9 � 2.7 154 � 31.8 92.5 � 10.9

a N concentrations (mg L�1) and ADE dilution are indicated.

Data are averages � standard error.

b Lipid content reported as the percent FAMEs of dry cell weight

extracted.

c Iodine number in g I2 per 100 g of FAME.
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ADE and A-ADE most likely played a role in supporting robust

algal growth. For example, iron was notably 10-fold higher

in the 1:50 ADE dilution compared to MBBM and has been

found to influence biomass density and lipid accumulation

in Chlorella vulgaris [48]. Future studies should consider how

these and other properties of wastewater affect biomass and

lipid productivity in a wider array of species with lipids ideal

for biodiesel production. It is possible that mixotrophic lipid-

rich algae (e.g., Chlorella [25,49]), which can take advantage

of dissolved carbon sources present in ADE, may outperform

N. oleoabundans and other algae that are capable only of

photosynthesis [26].
3.3. Nitrogen assimilation

To better understand N assimilation and assess nutrient-

loading rates that would bothmaximize algal productivity and

N removal from wastewaters, NO3
� and NH4

þ levels were

monitored over time. As expected, N concentration decreased

over time as cells assimilated N, and all treatment groups

achieved w90e95% removal of the initial N present after 6 d.

Nitrate was almost completely assimilated from synthetic

media at all concentrations tested after 4e5 d (data not

shown), consistent with previous reports on this alga [31].

Ammonia volatilization, which occurs at a pH> 8.5, was

assumed to be negligible because the pH was consistently

below 7.2 in MBBM-NH4
þ and ADE cultures. Likewise, the NO3

�

concentration in all ADE flasks was <1 mg L�1 N, suggesting

that nitrification was likely not a large factor in nutrient

removal.

Among cultures grown in MBBM-NH4
þ, N removal rates

were significantly greater at the highest concentrations of

NH4
þ (Fig. 2). In all MBBM-NH4

þ cultures, N removal rates

declined significantly after Day 2, most likely due to dimin-

ishing biomass productivity. Cells grown on ADE 1:50

demonstrated sustained N removal rates equal to those

observed in the NH4
þ high treatment group during the first

2 days, and had an overall removal rate over the course of 4 d

significantly higher than any other treatment group. This may
be correlated with sustained growth in this medium, possibly

stimulated by organic N becoming more bioavailable over

time. The ADE 1:200 treatment demonstrated N removal rates

comparable to cells grown in MBBM-NH4
þ at low andmid-level

concentrations. In general, near complete N removal by

N. oleoabundans, which was similar to that observed for

Chlorella sp. [25] and mixed algal communities [16] grown on

dairy-derived ADE, suggests this is a robust organism for

wastewater remediation.

3.4. Cell lipid content and productivity

Cell lipid compositionwas investigated over time based on the

mass of FAMEs positively identified by GC/MS. Importantly,

gravimetric analyses revealed 2e5 fold higher lipid contents

than quantification of FAMEs by GC/MS, indicating that non-

lipid components (e.g., chlorophylls, carotenoids, sterols)

were most likely also extracted. These compounds are more

likely to be contaminants than useful fuel components. As

a result, our FAMEs-based analysis is a more conservative

estimate of attainable biodiesel yields than gravimetric data

alone. In general, lipid accumulation correlated with N defi-

ciency for most treatments. After 7 d, cells grown in MBBM-

NO3
� with N at 100, 50, and 10 mg L�1 contained 5.7� 0.7%,

8.2� 0.8%, and 29.7� 1.1% lipids as FAMEs on a dry weight

basis, respectively. Cells grown in N-free media contained

23.9� 3.7% lipids after 7 d. This is similar to recent reports of

N. oleoabundans containing 29e45% lipids when grown in

syntheticmedia containing N at 0e70mg L�1 as NO3
� [28,31]. In

the present work, lipid productivity was highest in the treat-

ment with the lowest initial NO3
� concentration (Table 2), but

overall lipid productivity was relatively low compared to

recent reports in the range of 100e130 mg L�1 d�1 [31].

N. oleoabundans grown in MBBM-NH4
þ and ADE also showed

N concentration-dependent patterns of lipid accumulation

(Table 3). Ten days after inoculation, batch cultures grown

in high concentrations of NH4
þ contained only 0.1% lipid, while

those grown at lowNH4
þ concentrations containedw15% lipid.

The lipid content of algal cells in all dilutions of ADE were

similar at 4 d following inoculation (1e2% lipids), but

http://dx.doi.org/10.1016/j.biombioe.2010.08.035
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demonstrated lipid accumulation at 10 d (2e10% lipids; Table

3). After Day 10, lipid accumulation was further monitored for

5 d in the absence of light and supplemental CO2. During this

time, biomass density declined significantly (Fig. 1c) while cell

lipid content decreased slightly or remained unchanged.

Lipid recovery from cells grown at the highest concentra-

tion of NH4
þ in synthetic media was surprisingly low, with all

detected FAMEs in these samples except C16:0 below quanti-

fiable limits. Crude lipid extracts from these samples indi-

cated 1e3% lipids, which is comparable to the previously

reported TG content of N. oleoabundans (w3%) cultured in

nutrient-sufficient synthetic media with NO3
� [30]. While it is

possible that a cellular stress response to N limitation was not

induced given some residual N in solution (<5 mg L�1), lipid

accumulation may also have been inhibited by acidic condi-

tions at high NH4
þ levels. The pHwas below 7 in all MBBM-NH4

þ

cultures, with severe acidification (pH< 3.5) occurring in the

highest NH4
þ treatment after 4 d. In contrast, MBBM-NO3

�

cultures remained above pH 9 two days following inoculation,

with some treatments reaching pH 12 after 7 d. Acidification

may have resulted from the weakly acidic nature of NH4
þ,

aeration with CO2-enriched air, and the efflux of protons by

Hþ-ATPases coupled to the NH4
þ uniporter in the cell

membrane [50,51].

Alkaline conditions have been found to inhibit cell division

and result in lipid accumulation independent of nutrient

stress in the green alga C. vulgaris [52]. The accrual of auto-

sporangial complexes, in which nuclei have divided but the

autospores have not separated, was observed only in unbuf-

fered media with pH> 10. It was hypothesized that alkaline

pH stress may increase the flexibility of the mother cell wall,

thereby preventing autospore release. It is also possible that

enzymes responsible for degrading the mother cell wall, such

as sporangial autolysin, are inhibited at high pH [53]. In our

work, large sporangial complexes, known as aplanospores,

were routinely observed in aging cultures grown on NO3
� with

pH> 8.5 but not in cultures grown with NH4
þ. Since autospore

release has been found to coincide with TG utilization in the

algal cell cycle, factors limiting cell division may cause TG

accumulation [52]. It is possible that alkaline stress, poten-

tially achieved through photosynthetic uptake of dissolved

carbon, may be useful to induce neutral lipid accumulation

before N depletion. Accordingly, the acidification of NH4
þ-

media and the increase in pH observed in NO3
�-media may

have influenced lipid accumulation independent of N

concentration. Examination of lipid accumulation under

different N sources using amore highly bufferedmedium (e.g.,

HEPES) or pH control through CO2 addition would help eval-

uate the confounding effects of pH and N source.

In contrast to synthetic media, ADE treatments demon-

strated relatively stable pH (w7.2) over time. After 10 d, cells

in all treatment groups demonstrated lipid accumulation, but

cells in the more dilute ADE medium (1:200) demonstrated

significantly higher lipid contents, probably due to N stress

and greater light availability. While these findings demon-

strate the possibility of using N deficiency as a means of

inducing lipid accumulation, low overall lipid yields also

highlight some of the difficulties encountered when working

with complex wastewater rather than synthetic media. For

example, the naturally well-buffered ADE medium may have
limited lipid accumulation that could have been promoted

via alkaline stress, while the increasing bio-availability of

organic N over time may have hindered the induction of a

N-based stress response. Overall, ADE supported biomass

growth better than comparable levels of NH4
þ in synthetic

media, but cells had lower lipid contents. Similar results

have been reported for heterotrophic cell growth in C. vul-

garis, where organic N sources, such as yeast extract, more

effectively promoted growth compared to inorganic sources

like KNO3 but caused a dramatic reduction in cell lipid

content when present at high concentrations [54]. Decreasing

biomass density and cell lipid content after Day 10 in ADE

treatments suggests that intracellular lipid stores may have

been used to meet cellular energy demands and that lipid

accumulation requires at least light for photosynthetic

carbon fixation [5]. Further, these data are consistent with

the theory that TG synthesis occurs principally in the light

and TGs are then utilized in the dark for polar lipid synthesis

[55], suggesting that allowing algal cells to age in darkness

without aeration, even in low N media, is not an effective

strategy for increasing the concentration of intracellular TGs.

3.5. Fatty acid profiling for biodiesel fuel standards

The FA composition of N. oleoabundans was analyzed to esti-

mate several parameters of biodiesel fuel quality, including

the degree of unsaturation (iodine value), heat of combustion,

and viscosity. FAMEs generated from algal lipids in all

N-deficient cultures contained similar FA profiles (Table 4). In

general, the major FAs detected were: C16:0 (23e30%), C18:1

(30e43%), C18:2 (18e23%), and C18:3 (5e12%). This FA profile is

similar to previously reported values for N. oleoabundans in

N-deficient media and resembles the FA profile of waste

vegetable oil and biodiesel derived from tallow (Table 4).

However, our data are in contrast with recent reports

describing lipid accumulation without changes in the cellular

FA profile [28]. In particular, our results reveal a dramatic

increase in the proportion of 9-octadecenoic acid (C18:1) over

time while the proportion of 9-,12-,15-octadecatrienoic acid

(C18:3) and 7,10,13-hexadecatrienoic acid (C16:3) declined

significantly. Namely, the proportion of C18:1 and C18:3 in

cells harvested from ADE 1:200 changed from 20.9� 1.5% and

30.7� 8.1% at Day 4 to 41.1� 2.7% and 6.4� 0.9% at Day 10,

respectively. Likewise, the proportion of polyunsaturated

fatty acids (PUFAs) present in cells at each harvest was lower

in cultures grown with less initial N compared to those with

more N of the same source. Fewer PUFAs is advantageous for

reducing fuel polymerization that can otherwise cause

damaging engine deposits, and C18:1 FA is considered ideal for

biodiesel because it provides better cold flow properties

without losses to oxidative degradation [40].

The stark change in the FA composition of recovered lipids

should inform growth strategies and harvesting schedules to

optimize fuel quality. Specifically, obtaining biodiesel with

C18:3 levels below the EN14214 limit (<12.0%) would be

beneficial. Though most pronounced in the ADE treatments,

the reduction in PUFA with time was observed in cells grown

on all N sources and generally corresponded to declining

iodine values (Table 3). In addition, the relative C16:0 FA

content found in algal lipids was higher than that in canola

http://dx.doi.org/10.1016/j.biombioe.2010.08.035
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Table 4 e Fatty acid profiles for various biodiesels (% FAME).

Source Fatty Acid

14:0 16:0 16:1 16:2 16:3 17:0 18:0 18:1 18:2 18:3

N. oleoabundans

ADE 1:200a e 26.4 1.5 0.5 2.2 e 1.5 41.1 18.9 6.4

NH4
þb e 29.5 1 1.3 1.9 e 2.7 35.7 21.1 5.9

NO3
�c e 23.3 0.6 1.6 2.4 0.2 4.5 43.0 17.8 5.8

NO3
�d 1.6 15 3.5 2.5 e 3.3 11 36 7.4 e

NO3
�e 0.4 19.4 1.9 1.7 0.9 e 0.9 20.3 12.9 17.4

Other feedstocks

B100f 2 24.1 2.8 e e 0.7 15.1 44.2 10.4 0.9

Canola Oilg 0.1 10.4 e e e 0.1 4.4 30.0 45.9 7.7

SBOh e 11e12 e e e e 3e5 23e25 52e56 6e8

RSOh e 3e5 e e e e 1e2 55e65 20e26 8e10

Used frying oilh 1e3 13e25 0e4 e e e 6e8 43e52 7e22 0.5e3

a ADE 1:200 at 10 d after inoculation.

b N at 10 mg L�1 10 d after inoculation.

c N at 10 mg L�1 7 d after inoculation.

d Data for cells grown in low NO3
� [27].

e Data for cells grown in low NO3
� [28].

f Biodiesel supplied by Rothsay Biodiesel (Quebec, Canada; tallow source).

g Canola oil was purchased locally and transesterified.

h Soybean oil (SBO), low-erucic acid rapeseed oil (RSO), and used frying oil data [40].
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and soybean oil, imparting algal biodiesel with better oxida-

tive stability, a higher cetane number, but worse cold flow

properties [40]. These results are consistent with previous

findings that FA content increases and becomes more satu-

rated with declining N levels [27,56]. The heat of combustion

for nearly all analyzed lipid samples was estimated at

approximately 39 MJ kg�1, which is consistent with bomb

calorimetry results. Finally, the viscosity of algal FAMEs

increased with decreasing N concentrations, though typical

values were between 2.8 and 3.5 Pa s, which is similar to that

predicted for tallow-based B100 (3.7 Pa s) and common for

soy methyl esters (2.7e3.6 Pa s).

3.6. Culture stability

Cultures of N. oleoabundans were maintained for over 3

months indoors in low-cost, enclosed bioreactors (50 L) on

diluted ADE. Over this time period, other species of green

algae were not detected in these photobioreactors or in any

batch culture experiments. In contrast, however, when ADE

was collected from the outdoor holding lagoon, as opposed to

directly from the screw-press effluent pipe, as was done

routinely for all other experiments, N. oleoabundans was

overtaken by another green alga. The lipid content of this

unidentified new alga was approximately 2e3% when exam-

ined over a period of 2 weeks. This finding suggests that some

degree of bioreactor enclosure, high-density inoculum or

culture, and/or the use of selective pressures (e.g., extreme pH

or salinity) may be required to maintain a N. oleoabundans-

dominated population in open, outdoor growth ponds.

However, it also corroborates previous findings that naturally

occurring, algal polycultures typically contain lower concen-

trations of lipids [16]. Obviously, sufficiently high lipid

productivity relative to native polycultures would be neces-

sary to justify the potential added expense (if any) of
maintaining mono-algal populations. A full LCA and cost

estimate of using plastic bioreactors relative to traditional

open raceways is beyond the scope of this work but has been

discussed in the recent literature [18,57,58].

3.7. Case study of algal biodiesel production at a CAFO

The potential for on-site wastewater treatment coupled with

the production of liquid transportation fuels at CAFOs may

one day provide opportunities for rural economic develop-

ment and increased energy self-sufficiency. For example,

based on the average solar insolation in Burlington, Vermont

(44.4 N, 73.15 W) in the 8 warmest months of the year

(4.70 kWhm�2 d�1; [59]) and the estimated amount of N

excreted by 1000 cows that are milked daily at Blue Spruce

Farm (73 Mg y�1 of N [12,60]), approximately 330 m3 y�1 bio-

diesel could be produced on about 25 ha of land (correspond-

ing to about 17 gm�2 d�1 biomass productivity assuming 7%N

and 30% lipids on a dry weight basis). This amount of algal

biodiesel production could replace nearly 100% of the

petroleum diesel currently used each year by Blue Spruce

Farm. The promise of this technology is likely even greater at

lower latitudes with more favorable climatic conditions.

Overall, an estimated 1.2 Mt of N are recoverable each year

from animal waste at U.S. CAFOs [13], which has the potential

to support production of about 5.6 million cubic meters of

biodiesel per year (or about 4% of US low-sulfur diesel fuel

consumption in 2008 [61]). In this situation, GHG emissions are

reduced via three major avenues: 1) the direct replacement of

fossil diesel fuel with biodiesel derived from extracted algal

lipids; 2) reduction in the energy required to treat, transport,

and process wastewater compared to traditional methods;

and 3) the replacement of fossil-fuel derived fertilizers with

recycled nutrients in both algae cultivation and traditional

agriculture.
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4. Conclusion

In the present study, a specific species of oleaginous micro-

algae, previously adapted to synthetic media containing NO3
�,

was observed to grow onNH4
þ-containing syntheticmedia and

anaerobically digested dairymanure.N. oleoabundans removed

N from both synthetic media and ADE while accumulating

lipids well-suited for conversion to biodiesel. In particular,

algal lipids contained fewer PUFAs and more C18:1 FA as cells

aged and were exposed to declining levels of extracellular

N. When grown in simple, non-optimized batch cultures,

N. oleoabundans contained a maximum of w10% lipids when

using ADE as a nutrient source. The large difference between

the maximum achievable biomass lipid content in synthetic

mediaandwastewater suggests that the conditions required to

induce lipid accumulation, such as N stress and high pH,

require more careful implementation and continued study in

thecomplexmatrixofADE.While the feasibilityofmaintaining

large-scale mono-algal populations on ADE for combined bio-

diesel productionandwastewater treatment havenot yet been

examined, the present work demonstrates its potential feasi-

bility in batch culture and in larger, low-cost photobioreactors.
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