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Abstract

Pulses of fat were added to completely mixed readed with dairy cow manure (CM) and food
waste (FW). After achieving a stable performancaraibrganic loading rate (OLR) of 4.6+ 0.1
gCOD/(Leactorday), an oily effluent (OE) from a canned fish gessing industry was fed in the
form of pulses, raising the lipids concentrationto®, 12, 15 and 18 gCQIL (eactor The highest
fat concentration of 18gCQIIL eactor Promoted a reversible inhibition in the methanedpiction.

All the other pulses had a positive effect in thetlmane production. From a practical point of
view, this work demonstrates that controlled intiétent inputs of fat can enhance the methane
production in the co-digestion of CM and FW.
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INTRODUCTION

In many commercial digestion plants the biogasdyfedm animal manure is often too low to make
production economically viable without subsidiesd/an selling prices substantially above the
market rate (Raven and Gregersen, 2007). Biogagspkre difficult to run with economically
profitable results, if the process is based onlylivestock manure. Hence, an urgent need to
enhance the methane production from biogas farmtplan order to make the process more
economic is mandatory and therefore, strategiesirfiiproving the yield of biogas shall be
considered.

Anaerobic co-digestion can be one of the main adms of the anaerobic technology. This
process consists of combining several wastes vathptementary and balanced characteristics in
order to improve the methane production. Food w#sW) has a high potential for methane
production and can be digested rapidly making goad source of material for anaerobic co-
digestion. According to Zhang et al. (2007), FWledied from restaurants is a highly desirable
substrate for anaerobic digesters, accomplishifg 80the theoretical methane yield in 10 days.
Among the co-digested wastes, lipids are also drleeomost used (Fernandez et al., 2005). When
compared to other organic wastes of different eotical composition, lipids are attractive for
biogas production. This is due to the fact thatythee reduced organic materials and have high
theoretical methane potential (Pereira et al., 2008e aim of this study was to promote the
enhancement of methane production from the co-tigge®f cow manure (CM) with FW using
increasing intermittent pulses of residual fat frarnanned fish processing industry. The increasing
pulses of fat were done in order to set a conceotrauntil which lipids can be added as an
enhancement and to ascertain the concentratiomithdérs methane production.

MATERIALSAND METHODS

Substrates

Three different co-substrates were used in therabaeco-digestion process. (i) CM, collected in a
dairy farm in the suburbs of Braga (Portugal) atmlesl in a refrigerator (4 °C) until use to
minimize the decomposition of substrate; (ii) FWhieh was a composite sample (one week based)
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from the waste produced in the restaurant of théveysity of Minho, located in “Campus de
Gualtar”, Braga, Portugal. FW was ground to 1-3 particle size and stored at 4 °C during 5 days,
until the end of the collecting process. Then iswaxed and stored at -18 °C; (iii) Fat, was ag oil
effluent (OE) collected from a canned fish procegsndustry. The characteristics of each substrate
are presented in Table 1.

Table 1. Characterization of the co-substrates (results given as means of triplicates with
standard deviations).

Waste # CM (g/L) FW (g/kgwaste)  OE (g/kgwaste)
Chemical Oxygen Demand (COD) 3918 32773 2690 + 61
Total Solids (TS) 285 238+1 -
Volatile Solids (VS) 21+4 21447 -
Total Kjeldahl Nitrogen (TKN) 2+1 13+1 17083
Fat content - 2048 998+1

Start-up and Operation

Four 5L mesophilic continuously stirred tank reast@CSTR) with hydraulic retention time (HRT)
of 15 days were fed with CM and FW. The digesteesewinoculated with the effluent from a
mesophilic lab-scale anaerobic digester fed with &M FW. The ratio CM/FW in the feed was 1,
expressed as TS. The OLR in the four reactors was04L gCOD/(keactorday) with a TS/VS
content in the feed of 5.2%/4.5% (w/v). Biogas \&nalysed for flow rate and methane content.

After a stable operation of the four reactors fd8 ldays, the intermittent feeding of fat was
initiated. It should be noted that all co-subssaieed in this work were real wastes and this ean b
responsible for the variations encountered aloegédbts. Reactor 1 (R1) was used as control and so
no OE was added. In reactors R2, R3 and R4, pols&E, were applied, according to Table 2.
After the 7" pulse (day 204) methane production in R4 decredsastically and so no more OE
was added to this reactor.

Table 2. Concentration of fat (QCORL eacto) after the pulse feeding.

Pulse # day R1 R2 R3 R4
18t 2 39 40 5h " 148, 168, 176, 183, 190, 197 0 9 12 15
70 204 0 12 15 18
gh o 1" 211, 218, 225 0 12 15 0

Analytical M ethods

The routine analysis (COD, pH, TS, VS and TKN) wwasformed according to Standard Methods
(1989). Methane content in the biogas was measwems chromatography (GC) using a Porapack
Q (180 to 100 Mesh) column, with He as the camgi@s at 30 mL/min and a thermal conductivity
detector. Temperatures of the detector, injectad amen were 110 °C, 110 °C and 35 °C,
respectively.

Volatile fatty acids (VFA) (acetate, propionatep-isutyrate and n-butyrate) were determined by
high-performance liquid chromatography using a @Gtpack column (300x6.5 mm) and a mobile
phase of sulphuric acid 5mM at 0.7 mL/min. The omluwas set at 60 °C and the detection was by
spectrophotometry at 220 nm.

The total fat content was extracted with diethilleetin a soxtec system, dried and weighed.

Biodegradability Tests
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Two distinct biodegradability assays were performéthi biomass collected from R1 and R4 in day
203 (end of 8 pulse) and in day 224 f9pulse). In the first type of biodegradability ®she
samples collected from the reactors were incubiatd@®5 mL batch vials at 37 °C, 150 rpm under
strict anaerobic conditions, without any added sabs. The methane production was regularly
measured by sampling the headspace and by analylsengnethane content in the GC. The
maximum methane yield was calculated per kgVS atethd of the experiment, in order to correct
the losses after the mineralization of the CM, Fud &dpids associated with the solid matrix. The
maximum methane production rate (MMPR) was detegthimsing the values of the initial slope of
the methane production curve within the first 14sdarhe second type of biodegradability tests
included the addition of 4.8 gCOD/L of OE to thansabiomass samples. These assays were
assessed as previously described. All batch expetsrwere performed in triplicate.

Specific methanogenic activity test (SMA)

The SMA of the biomass from the four reactors wasessed in day 203 (end df fulse) and in
day 224 (8 pulse), in the presence of acetate aatCB,. Blank controls were used for acetate (no
added substrate) and for the gaseous substrass@pized with BCO,-80/20 (v/v) at 1 bar). Strict
anaerobic conditions were maintained.

SMA values were determined by dividing the initialear slope of the methane production curve
by the VS content of each vial at the end of theeexnent. The volume of methane produced was
corrected to the Standard Temperature and Pressodiions (STP - 1 atm and 273 K).

RESULTS AND DISCUSSION

Reactors Perfor mance

Before the trial, all the four reactors had achikaestable performance in the methane production
(3.2 0.2 LCH/day), effluent VFA concentrations@.5 gCOD/L), and the pH was stable between

7.7-7.9. The TS/VS (% w/v) ratio in the four reastavas 4.7/5.9 in R1 as well as in R2, and

4.9/6.0, 4.8/5.9 in R3 and R4, respectively.

The effect of OE pulses in the methane producsgorésented in Figure 1 (a) for the first six psilse
and Figure 1 (b) for the last four pulses. Compmatime peak values achieved in each pulse, the
increase was 42+(15), 82 £ 12) and 80 £ 9) % in R2, R3 and R4, respectively, having as
reference the value on the same day in R1, initesix pulses. The methane enhancement in R2
and R3 expected due to the pulse of OE was 37%8af@ respectively, in the first six inputs,
which are in accordance with the obtained valuesvéVver, comparing the obtained values of R4
with R3 the expected increase was 25% and no metaimncement was detected.

From the ¥ to the 18' pulse the same behaviour was observed, the irckeas 70 £15) and 69
(x18) in R2 and R3, respectively. These results sstgtheat the threshold to enhance methane
production is 12 gCORY/Leactor Using intermittent inputs of the OE. In th® Fulse (day 204) the
methane production in R4 decreased to values @& Q®H,/day (less than 82% of the value
obtained in the same day for R1) on account of tltamore pulses of OE were added to this
reactor. From day 212 to 215 a slight increasé&énnethane production was observed, although it
did not achieve the values obtained in R1, whicls Wwaing fed in the same conditions. The
methane decay was detected when the concentraimeased up to 18 gCQPL eactor The
methane production response to a given concentratib lipids input was very similar
independently of former inputs to the reactor uafiulse of 18 gCO&YL reactor
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Figure 1. Methane production (LCiay) in the first six pulses (a) fito the &' pulses in
gCOD/Lreactor Wwere0, 9, 12 and 15 in R1, R2, R3 and in R4, respdglivand in the last four
pulses (b) [T pulse was in gCOR/L eactor0, 12, 15 and 18 in R1, R2, R3 and in R4, respelstiv
8" to 10" pulse were in gCOR/Lreacto0, 12, 15 and 0 in R1, R2, R3 and in R4, respdyfiex-

R1, - R2, -A- R3 and m- R4)

Table 3 presents the overall average TS and VSptge of reduction in the four reactors during
the experiment, considering samples collected twiogeek during all the trial. In general OE
inputs did not influence TS or VS removal in thaaters.

Table 3. TS and VS reduction (%) (Results are given as miezntriplicates with standard
deviations).

Reduction (%) R1 R2 R3 R4
TS 46.7+6.7 45.845.643.716.2 45.1+5.4
VS 53.5+6.1 52.1+5.049.1+5.7 51.0+4.8

The COD profile in the reactors effluent is depicte Figure 2 (a) for the first six inputs and Higu

2 (b) for the last four inputs. In the first sixputs, the effluent COD is very similar four all tfoaur
reactors, only R4 after thé"@nput presents a slightly higher value when coragao the other
reactors. The soluble COD presents a peak (17.Dg00n R4, decreasing to values similar to the
other reactors. This peak value was twice the vahtained in R1 on the same day. Likewise to
methane production, the soluble COD response twem goncentration of lipids was very similar
independently of former inputs to the reactor uafiulse of 18 gCO&Y/L reactor

When the concentration of lipids applied was 9 gG@D:actor the value attained for the soluble
COD was very similar to R1. In the pulses of 12 45dgCODR,/L eactor the maximum value of
soluble COD attained was 13 and 18 gCODI/L in thérial. An increase in the soluble COD was
detected in R4, matching the methane productiohrged he values of soluble COD in this reactor
did not decrease until the end of the experimeahewvith no more addition of OE, indicating that
the system presented a difficulty in degradingabeumulated soluble COD.

Analyzing the VFA dynamics in the reactors (FiguRegc) and (d)) the maximum value of VFA
attained with the inputs (with the exception of thgher concentration of lipids applied in R4) was
determined on the day of higher methane producidter the 7 input the VFA levels in R4
increased significantly attaining values of 8, 11,gCODIL at the end of thd"79" and 18' inputs
respectively.

After the day 204, the pH values in R4 decreasagu(E 2 (e) and (f)), although the measured
values were always higher than 6.5, this parantBtenot recover until the end of the experiment
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similarly to the soluble COD and VFA contents.

0T ! — W ;
| 1=t 2nd | 3 4 gh | gh 7 gh gh 10n
251 | i i 25 1
i i i
i i i
20 + ! ! : 20
< i i i
3 151 i i i 15 1
3
10 4 10 4
5 | s _§4v/ \’\ /
X x>
: 1 :
0 — — 0 T : . .
143 148 153 158 163 168 173 178 183 188 193 198 203 203 207 211 215 219 223 227 231
i Time, days b
Time, days (@ (b)
20 20
h
18 1t ond 3d | 4h i gh | gh 18 ™ gh gt 10"
16 16 4
~ 141 14
)
a Bl 4
3 12 12
210 10 A
g 8 g
>
6 6 H\‘/'
4 44
. D, A
o U it 0 et : ‘ ,
143 148 153 158 163 168 173 178 183 188 193 198 2( 203 207 211 215 219 223 227 231
Time, days Time, days
(© @
9.0 9.0
th h
a5 4 15t ondi gl 4B 5N gn 65 7 gh g 10
8.0 - 8.0 4
= ; E. Lee—eb——s
7.5 4 7.5
T 701 7.01 “-\'l’\-//'
6.5 4 6.5
6.0 1 6.0
5.5 1 5.5
5.0

T j j T ! 5.0 T T T T T T
143 148 153 158 163 168 173 178 183 188 193 198 203 203 207 211 215 219 223 227 231
Time, days Time, days

(€) 0]
Figure 2. Effluent COD (gCODI/L), VFA (gCODIL), pH profile ithe first six pulses (a, c, e)[1o
the @ pulses in gCORYLeactorwere0, 9, 12 and 15 in R1, R2, R3 and in R4, respédgiiand in
the last four inputs (b, d, f) f7pulse was in gCOR/L eactor0, 12, 15 and 18 in R1, R2, R3 and in
R4, respectively; Bto 14" pulse were in gCORY/Lreactor0, 12, 15 and 0 in R1, R2, R3 and in R4,
respectively] (-x- R1,e- R2, -A- R3 and m- R4).

Biodegradability Tests

The time course of the cumulative methane produnatiothe biodegradability tests is depicted in
Figure 3 for the controls and for the tests witBgdCOD/L of OE. Biomass collected from R1 and
R4 on days 203 and 224 was used in the assays. theorasults of the biomass collected from R4
on day 203 and the same biomass with the addifi@Eo(Figure 3 (c)) it is reasonable to presume
that the anaerobic consortium could cope with tieiase in the lipids concentration in order to
augment the pulse to 189 CQIcactor NONetheless, the reactors performance was not in
accordance with the results from the batch biodkjyéity assays. The experiment with the
biomass collected from R4 in day 224 was done terdene if the inhibition observed in the
methane production in the reactor was permanemvarsible (Figure 3 (d)).
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Figure 3. Methane production (gCOD-CHVS) from the biodegradability tests in R1 day 288
R1 day 224 (b), R4 day 203 (c) and R4 day 224 {e) biomass collected from the reactor -
control, ©- biomass with additionally 4.8gCOD/L of OE). Thece bars represent the standard

deviation.
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From Figure 3 (d) it is clear that in batch coratis, after a lag-phase of approximately 10 days, th
consortium collected from R4 on day 224 (when matharoduction was already inhibited) started
to mineralize the long chain fatty acids (LCFA) adieed/accumulated onto the biomass.

From Table 4 it can be observed that the biomakscted from R4 on day 203 could mineralize as
well the input of 4.8g COD/L of OE, improving theethane production from 0.5 to 0.9 gCOD-
CHJ/gVSs.

Table 4. MMPR (gCOD-CHkgVS.day) and maximum methane yield (gCODAEN'S) obtained in
biodegradability assays (results are given as mefimgplicates with standard deviations).

Day Biomass MMPR Maximum methane yield
(gCOD-CHy/gVS.day) (gCOD-CHy/gVS)
R1 0.0126:0.001 0.280.02
203 R1+4.8g COD/L OE 0.026@:0.001 0.4&0.01
R4 0.0245-0.001 0.580.01
R4+ 4.8g COD/L OE 0.034%0.007 0.980.06
R1 0.0185-0.001 0.3%0.01
224 R1+4.8g COD/L OE 0.02730.003 0.580.04
R4 0.01320.001 1.260.13*
R4+ 4.8g COD/L OE 0.0064:0.043 0.930.18*

* Maximum methane production after 62 days in batohditions, not the maximum that could be achieved

The information presented in Table 4 implies tleg presence of OE enhanced the MMPR in all
assays, with the exception of the sample colletteah R4 on day 224. Actually, in the present
work the presence of OE enhanced the MMPR of thdigestion of CM and FW.

The biodegradability tests using R1 biomass preseanalogous results (MMPR and methane
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production yield) independently of the biomass exdihg day. In fact, the response to the addition
of OE was very similar with an increase of 0.12 &ni@l3 gCOD/gVS on day 203 and 204,

respectively.

Specific methanogenic activity test

It is important to intensify the knowledge on thgndmics of some key trophic groups during the
digestion process, especially when the conditioms reot steady and inputs/organic shocks are
applied to stable processes. Figure 4 illustrabesrésults of the SMA tests in the presence of
acetate and #CO,. The assays were done on day 203 and 224, reagigdiie end of 8 and &'
pulses. Samples collected from all lipids concdmnaapplied were assessed. The error bars
represent the standard deviation, which in somescaee significant hence. The samples are from a
solid matrix (not as homogenous as a liquid matexplaining the differences between the
triplicates. All the results for the same appligoid concentration input were very concordant
independently of the day or reactor of biomassectilbn, pointing out to a similar performance.
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Figure 4. SMA results in the presence of acetate-)(and in the presence of.d@0, (-o-) in
gCOD-CHy/(kgVS.day). The error bars represent the standeveation.

From Figure 4 it is feasible to realize that the M acetate presents an enhancement for a lipid
concentration of 12 gCQRLeactor AboOve this value, the SMA value in the presentaaetate
decreases and at 18 gCRIDeaciorattains the lowest value achieved. Possibly tlog dr methane
production in R4 is due to the fact that LCFA atteor onto the biomass promote a
physical/chemical barrier delaying the transfesubstrates and products as previously described by
Pereira et al. (2005).

In the presence of HCO,, the SMA values started to decrease for input esmlabove 9
gCOD,¢Lreactoras can be seen in Figure 4.

CONCLUSIONS
The data suggest that the threshold to enhanceamefbroduction in the co-digestion of CM and

FW is 12 gCOR/L eactos CONsidering the mixture of lipids present in D& added. Above this
value methane decay was detected attaining almdisproduction at 18 gCOfR/L eactor  All the
results for the same lipid concentration input &gy concordant independently of day or reactor
from when or where the biomass was collected, attlig a similar performance. From a practical
point of view, this work demonstrates that congdllintermittent inputs of fat can improve the
methane production of the co-digestion of CM and. FW
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