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Abstract

In this study we developed and tested a sustainable system that produces high-yield outputs of biomethane,
biofertilizer and biodiesel. These were achieved by blending of poultry manure (PM), paper pulp and algae waste sludge
in co-digestion producing biomethane, digestate filtrated to get semi-solid and aqueous, the former as biofertilizer
and latter was used in algal cultivation to enhance algal biomass for biodiesel production. The varied blending of the
substrates resulted in carbon/nitrogen ratios (C/N) of 26, 30, 31, 34 and 37 which were assessed for biomethane. C/N
26 resulted in 1045 ml/L/d (74% biomethane content) which was highest yield comparing to other C/N, C/N 30 achieved
in similar (1010 ml/L/d) making the C/N range for optimum biomethane for these substrates to range between C/N 26 to
30. In comparison, C/N 31 to 37 achieved lower biomethane yields indicating. Pretreatments of the digestate improve
the yields of biomethane in C/N 26 and 30 significantly. We assessed all the digestates from each of the C/N 26,30,31,34
and 37 based on nitrogen mineralization and found C/N 26 to 31 as being nutrients-rich. We filtered the digestate and
used in algal supplemental feed and also found that glucose depletion was linearly depleted (as sufficiently used in
cell growth) lowest with the nutrients-rich that is C/N 26 to 30.As expected, digestates from C/N 34 and 37 in single-
addition failed to yield comparable algal yields then yields from C/N 26, 30 and 31 digestates at 120 h that achieved
dry cell weight (DCW) of 7.72, 7.8 and 7.12 g/L respectively. To improve alga biomass yield and enhance cellular lipid
content and its final yield, we investigated two-stage supplemental feeding strategy using digestates from C/N 26 and
30. Based on cultivation ‘without’ digestate that showed growth phases, we added digestate at lag-exponential (0-120
h) and stationary (120-180 h) phases. The supplemental feeding resulted in rapid glucose depletion achieving 9 g/L at
120 and reaching lipid yield 3.77 g/L after 180 h. Based on this study, it is conceivable that a circular system using the
biowastes discussed or those of the similar nature can develop and constitute a self-supporting sustainable system from
waste treatment, biogas to algal biofuel opportunities. The simple approach taken in algal cultivation under the condition
studied further showed that microalgae biofuel can be easily promoted and commercialized as a revenue generating
back-yard entity for housewhole. The way-forward for microalgae biofuel is to attract and make more population as a
fun art.
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source for algal biomass enhancement when we aerobically digested
PM and feed the digestates to microalga Chlorella vulgaris culture. A
more attractive approach was if poultry manure (PM) can be used to
produce biomethane. The residue digestate rich in nutrients can be
used to enhance algal cultivation (Iyovo et al., 2010).

Keywords: Poultry manure; Biomethane; Biogas; Biofertilizer;
Chlorella vulgaris; Alga biodiese

Introduction

There is currently a world-wide need to improve the way we

handle wastes and to produce energy in a sustainable manner. Taking
the waste product of one process and using it as input or fuel for
another process is one way to accomplish this; it makes intelligent
use of resources, decreases pollution, and broadens their application
in sustainable approach. It is the best interest for such approach to
demonstrate the feasibility of the application in more sustainable,
self supporting manner. The biodigestion of some common waste for
biomethane generation is one attractive approach.

The two most important factors influencing biomethane
production are the C/N (carbon/nitrogen) ratio of the digester
substrates and pre-treatments of the substrates. The workable range
for biomethane generation is generally known to be C/N 20/1 and
30/1(Gene and William 1986). External pre-treatments of the digester
substrate have been shown to enhance biomethane yield (Gunaseelan
1995). Furthermore, appropriate pre-treatments basically suppress
inhibitory substances such as volatile fatty acids and NH, and make
available the components for efficient digestion, thus enhancing
biomethane production (Vedrenne et al., 2008).

In our recent study (lyovo et al.,, 2010), we successfully
demonstrated that poultry many waste was an important nutrient

Several studies had revealed that PM a potential biological
nutrients source (Amanullah, 2007) and also a mineral-rich waste
(Nicholson et al., 1996), when co-digested with a high-carbon source
like paper pulp, can perform well in a biogas digester-producing a
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considerable volume of methane ( Cummings 1995; Fox and Noike
2004; Abouelenien et al., 2009). Blends of paper pulp waste and algae
sludge are also reported to emit considerable biomethane (Yen and
Brune , 2007) when co-digested.

After the biomethane gas is collected from the digester for
utilization, the digestate can be separated into semi-solid and
aqueous. The former as biofertilizer for crop production (Abdel Magid
et al., 1995; Kaikake et al., 2009) and the latter as supplemental feed
in alga cultivation to enhance algal biomass that will directly govern
algal biofuel (Iyovo et al., 2010). Other wastes similar in nature to PM,
such as municipal organic waste ( Martinez-Blanco, 2009) and human
exreta (Heinonen-Tanski and van Wijk-Sijbesma, 2005), have shown
promising results as crop fertilizer. Therefore it makes sense that PM
digestate (created as a by-product of PM biodigestion) is also a good
candidate for fertilizer.

Knowing that PM is high in nitrogen and phosphorus content
(Nicholson et al., 1996), the use of PM blend digestates in the
described sustainable system to produce Chlorella Vulgaris biomass
is unquestionably attractive. It is optimistic that if sufficiently
digested to produce high yield of biomethane utilizing PM, which
would directly mean that nitrogen mineralization was efficiently
done leaving the digestate rich in minerals.

Hence, the study investigated the following strategies of
supplementary feedings of PM digestates: without supplementation,
single-stage supplementation, and two-stage supplementation in the
cultivation of micro alga Chlorella vulgaris under dark condition. The
alga Chlorella Vulgaris was chosen because it is known for high lipid
content and rapid grow (Xu et al., 2006; Chisti ,2007; Bastianoni et
al., 2008; Widjaja et al., 2009).

Besides appreciable amounts of nitrogen are needed for alga
biomass production for example; a ton of algal biomass could require
45 Kg of nitrogen based on an algae composition of CO , H, ..N_ P,
(Grobbelaar, 2004). Furthermore, an algal biomass production limit
of 263 tons per hectare per year in a bioreactor (Chisti, 2007) would
require more than 11 tons of nitrogen per hectare per year, indirectly
meaning increasing production output or bioreactor number means
needing larger quantities of nitrogen along. Therefore utilizing a
source of “free” supplementary nitrogen such as PM digestate is an
attractive idea.

Sewage sludge have shown to have increased lipid content
in Limpomyces starkeyi for biodiesel production (Angerbauer et
al., 2008). Therefore, similar effect is likely with digestates from
anaerobic digestion on microalga Chlorella vulgaris cultivation. High
PM nitrogen can be used to increase algal biomass then starve the cells
by limiting nitrogen supply which would increase cellular lipid. One
such strategy is adding carbon source such as glucose at stationary
phase (lyovo et al., 2010) which would use immediate nitrogen to
metabolize glucose which in turn starve the cells converting all
residue metabolites and glucose to storage biomaterials (Livhe and
Sukenik, 1992)

Accordingly, this study was about blending of poultry manure
(PM), paper, and alga sludge waste, in a three-step process producing
biomethane, biofertilizer, and alga biomass for biofuel (biodiesel)
by feeding the digestate. We measured the results under varying
conditions and focus on the effects on resultant digestates on alga
cultivation and devised feeding strategies to enhance algal biomass
and improve lipid yield to increase biodiesel production.

Materials and Methods
Biomethane production

Two bench-top anaerobic digesters with working volume of 4.5 L
were provided; the digesters were connected to gas collecting tanks.
Cow dung as starter culture (source of methanogens) and PM (from
Galus domesticus) were collected fresh from nearby farm, Jiangnan
University, China. The PM was from a meat producing chicken facility,
the sample was collected right after excretion without any sitting
time exceeding more than an hour. The feces had been mixed with
beddings, feed particles and feathers which have been considered as
part of PM. Temperature was kept constant at 30°C for all digestions.
Initial algae biomass was provided when microalga C. vulagris was
cultured in 8 g/L glucose according to study by Feng Chen (Chen and
Johns, 1991) using Bold’s basal media (Bbm) (A.Watanabe, 1960).

The total sum ratio of algal, paper and PM to cow manure as
inoculant was fixed at 20:1 and the total of 3 Kg of the substrates
in total was maintained. Pretreatment of substrates prior to co-
digestion was achieved according to Yen and Brune (Yen and Brune,
2007).

Low and high dilution for varied nitrogen levels in digester
substrate

Two different dilution rates for the PM blends and analyzed their
effect upon both biomethane production and algae production:

Low dilution: Water added was equivalent to the total weight of
the substrates for generation of high nitrogen PM.

High dilution: Water was added 1.5 times the weight of total
substrates for low nitrogen PM.

Digestates

After digestion for biomethane production, the digestates were
separated into aqueous and semi solids by decantation, filtration
and centrifugation processes. The aqueous digestate extract was
sterilized in bottles for 15 minutes at 121°C and stored at 0°C for
later use. The remaining semi-solid digestate residues were collected
as biofertilizer.

Alga strain and cell growth conditions

Chlorella Vulgaris was donated by Charles University, Czech
Republic. Bbm components used were (grams per litre): NaNO, 0.25,
CaCl,.2H,0 0.025, MgSO,.7H,0 0.075, K, HPO,.3H,0 0.075, KH,PO,
0.175, and NaCl 0.025.

Glycine and yeast extract were reduced to 0.1 g/L each to initiate
and promote cell growth. The medium was supplemented with
glucose at 10g/L.

Seed culture of the microalga was prepared in a 500 ml flask
containing 200 ml medium for 180 h. Shake flask culture experiments
were performed in 500 ml flasks, each containing 200 ml medium
after inoculating with 10% (v/v) of seed culture (Xu et al., 2006).
Temperature, agitation and growth period were fixed at 27°C 150
rpm and 180 h, respectively. It was kept in a reciprocal shaker with in-
built fluorescence irradiance at 35 pmolphoton m-?s'. Culture broths
were centrifuged at 8000 rpm for 10 min and cells were washed twice
with distilled water and freeze dried (Xu et al., 2006).

Supplementation strategy: adding digested aqueous PM to
improve alga biomass production

We added the PM blend digestates as supplemental feeding for
the algae in two ways.
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Single-stage feeding strategy: Low nitrogen PM solution
supplementation was studied at two amounts: 20 ml/L/day and 40
ml/L/day.

Two-stage feeding strategy: High nitrogen PM solution was fed
during the “exponential” time interval (0-120 h), and LNPMS was fed
during the “stationary” time interval (120-180 h) daily. The amounts
added during 0-120 h were 20 ml/L/day followed by 10 ml/L/day from
120-180 h.

Analytical procedures
Biomethane measurement

Maximum hydraulic retention time (HRT) of 14 days was
investigated for biogas and biomethane yields. All digestion were
performed at uniform conditions and terminated when no biogas was
produced. The total biogas produced was measured by water volume
displaced. Biomethane yield was determined according to method
outlined by Erguder and Tezel et al (Erguder et al., 2001). The volume
of biomethane was determined from the total biogas generated daily
(ml/L/day), 24 hourly and also determined as percentage.

Digestate analysis

The digestates resulting from the various PM blends were analyzed
in terms of their components, using the following methods. Volatile
solids (VS) were determined by putting measured samples in an oven
at 550°C and determining the ash percentage. Total solids in the
samples were measured by evaporating samples at 105°C to constant
weight. Total Nitrogen (TN) in semi-solid and solid digestates were
determined by the Kjeldahl method. Dissolved Total Nitrogen was
determined by diluting a 10 ml sample to 100 ml with distilled water.
Samples were injected into the TOC/TNb analyzer-LiquiTOC, Elemtar
Analysensystem GmbH, and data were obtained from the computer
monitor in terms of quantity per liter. NH3-N, NH4-N and uric acid-N
were analyzed according to the standard method (MAFF 1986)
Potassium (K) and phosphorus (P) concentrations in the aqueous
digestates were analyzed by microwave digestion. A sample of 2.0 ml
was added to a 3.0ml HNO3 and cold microwave digested for 1.0 h.
The solution was transferred to a 50 ml volumetric flask and distilled
water added to the calibration. The potassium (K) concentration was
obtained by calibration curves using a Spectr 220 atomic absorption
spectrometer, Varian American at wavelength of 766.5 nm. For
phosphorus (P), another 2 ml sample was microwave digested and
diluted to 50 ml. A 4.0 ml was taken and diluted to 2.5 ml ammonium
molybdate and sulphuric acid. Stannous chloride and glycerol were
used as indicator for the absorbance at 820 nm.

Algae cell cultivation

Cell growth performance was monitored by optical density
measurements at 540 nm using a UV visible spectrometer (Xu et al.,
2006), and by measuring total glucose concentration with a SBA-40C
biosensor analyzer (Ding and Tan, 2006)

Dry cell weight (DCW) was obtained based on methods by Feng
and Johns (Chen and Johns,1991). Harvested microalga cells were
then pulverized and total lipid extracted by soxhlet extraction
method using n-hexane.

Results and Discussion

Figure 1 depicts an illustration of the system approach this study
investigated.

In general, our research indicates that for the PM blends we
studied, the most efficient biomethane production resulted from the
following conditions; blending to maintain a substrate C/N ratio of 26
or 30, using the dilution ratio of 1:1.5 dilution substrates, and pre-
treating the substrate.

Biomethane Production

The Figure 1 depicts the schematic illustration of the whole
approach executed and assessed in this study. In the biodigestion,
the C/N ratio, pretreatment and dilution rates significantly governed
biogas production and its biomethane content. The biomethane
yield increased linearly with C/N ratio between 26 and 30 agreeing
with other studies (Gene and William, 1986; Callaghan et al., 2002;
Mshandete et al., 2004; Yen and Brune 2007). For example, C/N 26
(1:3:5) which was blended in order of alga sludge, paper waste and
PM achieved remarkable biomethane yield that reached 1049 ml/l/
day (74.6%) after 140 h as shown in Figure 2a, C/N 30 also showed
reasonable biomethane in content reaching 1010 ml/L/day (73.4%)
than C/N 37 (Figure 2f) whose biomethane yield was 584.7 ml/L/day
(60.1%). Moreover, increased C/N above 30 demonstrated higher
biogas but reduced biomethane content, however was only improved
by applying dilution and pretreatment (Figure 3) as discussed in the
following.

Dilution and Pre-Treatment

Figure 3 illustrates the effects of pre-treatment and dilution
rate upon biomethane production. We found that, in general, the
combination of 1) pre-treatment and 2) a dilution ratio of 1:1.5
produced the highest level of biomethane. Other significant findings
were as follows; the biomethane yield increased when dilution ratio
was improved by adding water by mass from 1:1 to 1:1.5 (Figure 3.1),
when both dilutions (1:1 and 1.5:1) were subjected to pretreatments,
biomethane content improved as shown in (Figure 3.2).

Noticeably, the 1.5:1 dilution achieved higher biomethane
output of the biogas mostly around 144 h (day 6), the yield improved
higher on pretreatment (1020 ml/L/day, 72%) on average (Figure 3.1
compared to Figure 3.2). In comparison, when using low dilution
(1:1.5), biomethane content in production improved from 1030
ml/L/day (70%) to 1045 ml/L/day (74%) when pretreatment was added
(Figure 3.3).

The results of this study indicated that biomethane production
from PM blends with the various blend proportions, dilution rates,
and pre-treatment options shows a range of biomethane yield values
from 584.7 ml/L/day (60.1 %) as in Figure 2 f to 1045 ml/L/day (74%) as
discussed of (Figure 3.3). This intriguing 14% difference in production
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Figure 1: Schematic relation of poultry manure, paper waste and algae sludge
for biomethane, biofertilizer and biodiesel via microalga Chlorella vulgaris cells.
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Figure 2: Biogas emission and their respective biomethane content in various substrate blending dilution rate at 1:1 and without pretreatment. Biogas (e) and
biomethane (o) yield according to C/N 26 (a), 30 (b), 31 (c), 33(d), 34 (e) and 37 (f).
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Figure 3: C/N 26 digestion biomethane comparison in dilution and pretreatment. (1) High [Y] and low dilution [O], (2) High dilution [O] and high dilution with
pretreatment [O], (3) Low dilution [©] and low dilution with pretreatment [O].

shows the importance of making simple low cost applications to
enhance biomethane yield.

Analysis indicates that the biomethane production from PM
blends shows a range of biomethane yields from 60% (Figure 2f) to
74% (Figure 3.3). This intriguing 14% difference in production shows

the importance of making simple low cost applicable controls to
enhance biomethane yield.

Assessment of semi-solid digestate as biofertilizer

In this study, we also evaluated the dig estate’s suitability and
value as biofertilizer. Analysis indicates that the PM blends in this
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study with C/N ratios of 26-30 are the most suitable for biofertilizer.

In addition, we found that mineralization (the break-down into
useful plant absorbable nutrients) can be further increased by pre-
treating the substrates before digestion.

Table 1 shows a breakdown of the digester substrate components.
Analysis indicates that as volatile solids were increased by means of
blending, more nitrogen was mineralized and retained. These results
are similar to those reported in another study (Kirchmann and Witter,
1988). Clearly, it means that as more carbon was available, nitrogen
was more mineralized.

For the PM blend with C/N ratio of 26, the amount of uric acid
before and after digestion was 36 mg/L and 18 mg/L, respectively
(starting from an initial 394 mg/Kg). This indicates that decomposition
was efficient in this treatment. In addition, the PM blend with C/N 26,
NH,* increased from 89 to 110 mg/L on pre-treatment.

Algae production results

Alga biomass production with and without digestate
supplementation: When the algae was cultivated without digestate
supplementation (Figure 4A), results showed that at 120 h for DCW,
glucose, and lipid were 5.88 g/L, 1.7 g/L and 1.9 g/L, respectively.
In comparison, in single-stage supplementation (batch cultivation),
we added 20 ml/L supplement from each of the digestates (C/N 26,
30, 31, 34 and 37) and measured the DCW and lipid concentration
as compared with the control (Figure 4). In general, results showed
that single-stage supplementation increased alga yield. The following
were noticeable; supplementation with C/N 26 and 30 digestates
(Figure 4 B-C) resulted improved in DCW yields of 7.72 and 7.8 g/L
at 120 h, respectively. The supplementation with C/N 31, 34 and 37
digestates (Figure 4 D-F) also resulted in an increase in DCW yields:
7.12, 6.7 and 6.5 g/L, respectively. However, these yields, although

Blendings (Carbon/nitrogen)
Elements/compounds W.l‘(hcﬁ’r[f;g)ea‘me”‘ N‘(’Cﬁﬁ';%e)a‘me“‘ CIN30 CIN31 CIN33 CIN34 CIN37
Total nitrogen (mg/L) 320 400 410 490 540 446 544
Phosphorus (mg/L) 71 68 57 55 36 33 30
Potassium (mg/L) 2590 2580 1003 980 990 845 900
Total carbon (mg/L) 1788 1787 3100 3450 3980 2779 2270
NH4-N (mg/L) 110 89 66 55 56 35 38
NH;-N 97 102 118 122 231 141 136
Uric acid-N (mg/Ly™ 18 36 34 39 24 39 47
Uric acid-N (mg/Kg)' 379

Rratio, the designated numbers represent amount of paper, algae and PM blended by mass, respectively. Ppretreatment, finitial and after digestion

Table 1: Biological nutrients in the supernatants (aqueous) as analyzed after digestion ceased.
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Figure 4: Applying varied different digestate in a single digestate addition cultivation. DCW (9), residual glucose (m) and lipid (o): (A) Bbm-without digestate
supplementation, and varying digestates; (B) C/N 26, (C) C/N 30, (D) C/N 31, (E) C/N 34 and (F) C/N 37.
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better than with no supplementation, were lower than C/N 26 and 30
digestates supplementation.

Glucose supplementation was performed using 20 ml/L addition
from each of the digestates (C/N 26,30,31,34 and 37) in glucose
dosage of 10, 15 and 20 g/L as shown in Figure 5 G-I. Residual glucose
analysis showed glucose depletion reflecting nutritional value and
most possibly the biodigestion efficiency among digestate from C/N
26, 30 and 31. The differences in the level of residual glucose at
different glucose dosage showed that C/N 26-30 was richer agreeing
with biomethane yields discussed.

Algae Production with Two-Stage Supplementation: Based on the
results from ‘without’ supplementation and ‘with’ supplementation,
we investigated methods for feeding PM digestates to the alga in a
two-stage manner, using the C/N 26 and C/N 30 digestates only. In
addition, with single digestate supplementation as shown in Figure
6 X comparing to two-stage feeding strategies (Figure 6 Y-Z), the
yield of DCW and glucose residual were 7.5 g/L and, 0.6 g/L at 120 h
respectively, while lipid rose to 4 g/L after 174 h after.

In one method, after adding C/N 26 digestate in varying doses
during both phases of alga growth: the initial, or “exponential stage

(0-120 h), and the “stationary” phase (120-180h). After 120 h, this
method of two-stage feeding yielded 9 g/L (Figure 6Y) lipid yield of
3.77 g/L at 180 h, compared to 8.22 g/L with single-stage feeding
(Figure 4b) with lower lipid yield.

Thus, when a PM blend of C/N 26 is used for supplemental feed,
two-stage feeding is superior to single-stage feeding.

In the second method, we also tested a more complex method
of two-stage supplemental feeding. Based on the fact that in algae
cultivation, it's generally understood that high nitrogen levels
improve cell growth and low nitrogen levels promote lipid yield
(Meng et al., 2009; Widjaja et al., 2009) Therefore, we added a high
nitrogen PM digestate (C/N 30) to encourage rapid cell concentration
during the initial-exponential stages (0-120 h) and a low nitrogen
PM digestate (C/N 26) to maintain cellular activities in the stationary
stage by quantities prescribed in the methods. We then measured the
effects on biomass and lipid yield (Figure 6Z).

Results showed DCW of 8.6 g/L at 120 h, and lipid yield 3 g/L after
165 h agreed that two-stage feeding was feasible, although smaller
differences (comparing Figure 6 X-Z). Clearly, in respective to lipid
yield, the first method of feeding (Figure 6Y) and the second method

20
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Figurer 5: Glucose supplementation in batch cultivation (w,10 g/L, m,15 g/L, m, 20 g/L) with varied digestates (G) CN 26, (H) CN 30 and (I) CN 31 using uniform
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Figure 6: Single (X) 20 ml/L digestate supplementation from C/N 26 and two stage feeding (Y-Z) Two-stage feeding. (Y) Addition of high (C/N 30) and low (C/N 26)
nitrogen digestates at 0-120 h (initial-exponential) and 120-180 h (stationary phase), respectively. (Z) Addition of only C/N 26 digestate at 12 hourly (0-120 h) by
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(Figure 6Z) indicated that lipid yield in first method reached 3 g/L
after 180 h while the second method at 165 h. To sum, the results
agreed that two-stage feeding of efficiently biodigested digestates
as demonstrated in this study could enhance lipid content and thus
directly improve algal biodiesel production.

Moreover, we also noticed rapid depletion of residual glucose
after stationary phase (during which 3 ml/L/d digestate was fed), this
was assumed to utilize in the biosynthesis of lipids (Livne and Sukenik,
1992) by using it to produce ATP increasing lipid content and yield
during station phase (120-180 h). Therefore, the addition of the low
PM in the stationary phase not only enhanced cell concentration but
improved lipid yield.

There are noticeable differences between algae cultivation in the
control group, the single-stage PM digestate feeding group, and two-
stage PM digestate feeding group (Figure 4 A, Figure 6 X-Z). Algal
biomass enhancement and production was generally increased with
supplemental feeding of PM blend digestates, more specifically, the
increasing lipid yield after glucose and nutrients are being used up
noticeable during stationary phase. The highest increases in biomass
were occurring with two-stage supplementation which this study
was optimistic that two-way digestate feeding will improve algal
cultivation.

Conclusion

The biowastes discussed in this study are feasible for integrated
production of biomethane, biofertilizer and algal biodiesel via
microalga Chlorella vulgaris.

As expected, C/N 26-30 positively emitted high yield biomethane
from the substrates enlisted and in turn produced a nutrient rich
digestate feasible for use as biofertilizer and for optimizing biodiesel
production from microalga Chlorella vulgaris.

This biomethane yield, plus the measured enhancement of
biofuel algae production (via increased cell concentration and high
lipid yield) positively proved the concept that bio-processing of the
wastes discussed can supply energy within a sustainable system while
promoting a benign environment.

Many small-scale farms, individuals and groups seeking to
become more independent of fuel crisis, sustainable in resources
management and intelligent use of waste and scarce resources can
develop sustainable bioenergy processing in the manner studied in
this work.

Acknowledgments

The study acknowledged the support in grant from the Key Program of
National Natural Science Foundation of China (No. 20836003).

References

1. Abdel Magid HM, Abdel-Aal S, Rabie RK, Sabrah REA (1995) Chicken manure
as a biofertilizer for wheat in the sandy soils of Saudi Arabia. J Arid Environ 29:
413-420.

2. Abouelenien F, Nakashimada Y, Nishio N (2009) Dry mesophilic fermentation of
chicken manure for production of methane by repeated batch culture. J Biosci
Bioeng 107: 293-295.

3. Amanullah MM (2007) Nutrient Release Pattern during Composting Poultry
Manure. Res J Agric Biol Sci 3: 306-308.

4. Angerbauer C, Siebenhofer M, Mittelbach M, Guebitz GM (2008) Conversion
of sewage sludge into lipids by Lipomyces starkeyi for biodiesel production.
Bioresourc Technol 99: 3051-3056.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Bastianonia S, Coppolaa F, Tiezzia E, Colacevichb A, Borghini F, et al.
(2008) Biofuel potential production from the Orbetello lagoon macroalgae: A
comparison with sunflower feedstock. Biomass Bioenerg 32: 619-628.

Callaghan FJ, Wase DAJ, Thayanithy K, Forster CF (2002) Continuous co-
digestion of cattle slurry with fruit and vegetable wastes and chicken manure.
Biomass Bioenerg 22: 71-77.

Chen F, Johns MR (1991). Effect of C/N ratio and aeration on the fatty acid
composition of heterotrophic Chlorella sorokiniana. J Appl Phycol 3: 203-209.

Chisti Y (2007). Biodiesel from microalgae. Biotechnology Advances 25: 294-
306.

Cummings SP, Stewart CS (1995) Methanogenic interactions in model landfill
co-cultures with paper as the carbon source. Lett Appl Microbiol 20: 286-289.

.Ding S, Tan T (2006) I-lactic acid production by Lactobacillus casei fermentation

using different fed-batch feeding strategies. Process Biochemistry 41: 1451-
1454.

. Erguder TH, Tezel U, Giiven E, Demirer GN (2001) Anaerobic biotransformation

and methane generation potential of cheese whey in batch and UASB reactors.
Waste Mannage 21: 643-650.

. Fox M, Noike T (2004) Wet oxidation pretreatment for the increase in anaerobic

biodegradability of newspaper waste. Bioresourc Technol 91:273-281.

.Gene FP, Wiliam FO (1986) Fundamentals of Anaerobic Digestion of

Wastewater Sludges. J Environ Eng 112: 867-920.

. Grobbelaar J (2004) Algal nutrition. In Richmond A, biotechnology and applied

phycology Wiley-Blackwell.

. Gunaseelan NV (1995) Effect of inoculum/substrate ratio and pretreatments on

methane yield from Parthenium. Biomass Bioenerg 8: 39-44.

. Heinonen-Tanski H, van Wijk-Sijbesma C (2005) Human excreta for plant

production. Bioresour Technol 96: 403-411.

. lyovo GD, Guocheng D, Chen J (2010) Poultry Manure Digestate Enhancement

of Chlorella Vulgaris Biomass Under Mixotrophic Condition for Biofuel
Production. J Microb Biochem Technol 2: 051-057.

. Kaikake K, Sekito T, Yutaka Dote (2009) Phosphate recovery from phosphorus-

rich solution obtained from chicken manure incineration ash. Waste Manag 29:
1084-1088.

.Kirchmann H, Witter E (1988) Ammonia volatilization during aerobic and

anaerobic manure decomposition. Plant Soil 115: 35-41.

Livne A, Sukenik A (1992) Lipid Synthesis and Abundance of Acetyl CoA
Carboxylase in Isochrysis galbana (Prymnesiophyceae) Following Nitrogen
Starvation. Plant Cell Physiol 33: 1175-1181.

MAFF (1986) Analysis of agricultural materials. MAFF/ADAS Reference Book
427, 3rd ed,HMSO, London.

Martinez-Blanco J, Mufioz P, Antén A, Rieradevall J (2009) Life cycle
assessment of the use of compost from municipal organic waste for fertilization
of tomato crops. Conserv Genet Resour 53: 340-351.

Meng X, Yang J, Xu X, Zhang L, Nie Q, et al. (2009) Biodiesel production from
oleaginous microorganisms. Renew Energ 34: 1-5.

Mshandete A, Kivaisi A, Rubindamayugi M, Mattiasson B (2004) Anaerobic
batch co-digestion of sisal pulp and fish wastes. Bioresourc Technol 95: 19-24.

Nicholson FA, Chambers BJ, Smith A (1996) Nutrient composition of poultry
manures in England and Wales. Bioresource Technol 58: 279-284.

Vedrenne F, Béline F, Dabert P, Bernet N (2008) The effect of incubation
conditions on the laboratory measurement of the methane producing capacity
of livestock wastes. Bioresourc Technol 99:146-155.

Watanabe A (1960) List of algal strains in the collection at the Institute of
Applied Microbiology, University of Tokyo. J Gen Appl Microbiol 6: 283-292.

Widjaja A, Chien CC, Ju YH (2009) Study of increasing lipid production from
fresh water microalgae Chlorella vulgaris. J Taiwan Instit Chem Eng 40: 13-20.

Xu H, Miao X, Wu Q (2006) High quality biodiesel production from a microalga
Chlorella protothecoides by heterotrophic growth in fermenters. J of Biotechn
126:499-507.

.Yen HW, Brune DE (2007) Anaerobic co-digestion of algal sludge and waste

paper to produce methane. Bioresourc Technol 98: 130-134.

b J Microbial Biochem Technol
ISSN:1948-5948 JMBT, an open access journal

Volume 2(4): 100-106 (2010) - 106



http://dx.doi.org/10.4172/1948-5948.1000032
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WH9-4G959J7-F&_user=10&_coverDate=03%2F31%2F1995&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416159066&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VSD-4VSC7GM-H&_user=10&_coverDate=03%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416161624&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.insipub.net/rjabs/2007/306-308.pdf
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V24-4PGXF4M-2&_user=10&_coverDate=05%2F31%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416168761&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V22-4RWHGRT-1&_user=10&_coverDate=07%2F31%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416170516&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V22-44KKYSG-6&_user=10&_coverDate=01%2F31%2F2002&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416191457&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.springerlink.com/content/e83522210410544m/
http://www3.interscience.wiley.com/journal/119961817/abstract?CRETRY=1&SRETRY=0
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THB-4JG5FJP-1&_user=10&_coverDate=06%2F30%2F2006&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416225281&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_use
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VFR-439DT50-6&_user=10&_coverDate=12%2F31%2F2001&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416227775&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_use
http://www.google.com/search?hl=en&q=Wet+oxidation+pretreatment+for+the+increase+in+anaerobic+biodegradability+of+newspaper+waste.&btnG=Search&aq=f&aqi=&aql=&oq=&gs_rfai=
http://www.springerlink.com/content/t02658xn5g3h6416/
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V22-4031N58-1K&_user=10&_coverDate=12%2F31%2F1995&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416305810&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersi
Human%20excreta%20for%20plant%20production
http://www.omicsonline.org/ArchiveJMBT/2010/March/03/JMBT-02-051.php
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VFR-4TY4MS2-1&_user=10&_coverDate=03%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416264070&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_use
http://www.springerlink.com/content/kt78m73032710r35/
http://pcp.oxfordjournals.org/cgi/content/abstract/33/8/1175
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VDX-4VW4V9Y-1&_user=10&_coverDate=04%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416260175&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_use
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V4S-4SYD9N6-4&_user=10&_coverDate=01%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416279243&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V24-4BV4W39-1&_user=10&_coverDate=10%2F31%2F2004&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416277973&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V24-45BCY9J-8&_user=10&_coverDate=12%2F31%2F1996&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416335209&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
The%20effect%20of%20incubation%20conditions%20on%20the%20laboratory%20measurement%20of%20the%20methane%20producing%20capacity%20of%20livestock%20wastes.
http://www.journalarchive.jst.go.jp/english/jnlabstract_en.php?cdjournal=jgam1955&cdvol=6&noissue=4&startpage=283
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B94TY-4V9S0RH-4&_user=10&_coverDate=01%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416338351&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T3C-4JXXR4T-2&_user=10&_coverDate=12%2F01%2F2006&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1416339344&_rerunOrigin=scholar.google&_acct=C000050221&_version=1&_urlVersio
Anaerobic%20co-digestion%20of%20algal%20sludge%20and%20waste%20paper%20to%20produce%20methane

	Title

	Corresponding authors
	Abstract
	Keywords

	Introduction
	Materials and Methods
	Biomethane production
	Low and high dilution for varied nitrogen levels in digestersubstrate
	Digestates
	Alga strain and cell growth conditions
	Supplementation strategy: adding digested aqueous PM toimprove alga biomass production

	Analytical procedures
	Biomethane measurement
	Digestate analysis
	Algae cell cultivation

	Results and Discussion
	Biomethane Production
	Dilution and Pre-Treatment
	Assessment of semi-solid digestate as biofertilizer
	Algae production results

	Conclusion
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Figure 4
	Figurer 5
	Figure 6
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AmerettoItalic
    /AmerettoNormal
    /AmerettoThinBold
    /AmerettoThinBoldItalic
    /AmerettoThinItalic
    /Calibri
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 72
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 72
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Smallest File Size]'] Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines true
        /ConvertTextToOutlines false
        /GradientResolution 144
        /LineArtTextResolution 288
        /PresetName ([Low Resolution])
        /PresetSelector /LowResolution
        /RasterVectorBalance 0.750000
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [96 96]
  /PageSize [612.000 792.000]
>> setpagedevice


