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Abstract

The potential of mesophilic anaerobic digestiontfer treatment of fats of different
origin through co-digestion with the organic fractiof municipal solid wastes (OFMSW)
has been evaluated. Co-digestion process was cudirca pilot plant working in semi-
continuous regime in the mesophilic range (37 @) the hydraulic retention time was 17
days. During the start-up period the digester wes With increasing quantities of a
simulated OFMSW (diluted dry pet food). When thsigeed organic loading was reached,
co-digestion process was initiated. The fat usethisted of waste from the food industry
(animal fat), its composition was very similar tat of the simulated OFMSW in relation
to the long chain fatty acid (LCFA) profile. Fatntdent in the feedstock was gradually
increased up to 28%, and hence the organic loauiitly,stable operation of the digester.
Animal fat was suddenly substituted by vegetabtenfaintaining the organic loading. No
accumulation of LCFA or volatile fatty acids (VFAyas detected in either case. After a
short adaptation period, total fat removal througttbe experiment was over 88%, whereas
biogas and methane yields were very similar toghaissimulated OFMSW. In conclusion,
anaerobic co-digestion of OFMSW and fat wastes aqgp® be a suitable technology to

treat such wastes, obtaining a renewable soureaefyy from biogas.

Keywords: Anaerobic Processes, Biogas, Fat, Long-Chairy Patiids, Organic Fraction of

Municipal Solid Wastes, Waste Treatment.



1. Introduction

During the last few decades, anaerobic digestionomgfanic matter has been
presented as a suitable technology used for treditofeorganic wastes and production of
energy from combustion of biogas [1-3]. Anaerobigedtion technology has evolved
quickly and, at present, can be competitive witholbie systems, especially for treating
industrial wastewater and organic solid wastes Wigih organic loading [4].

In anaerobic digestion, co-digestion is the termreduso describe the combined
treatment of several wastes with complementary athearistics, being one of the main
advantages of the anaerobic technology. Thereusddnt literature about the utilization of
co-digestion, such as co-digestion of organic foactof municipal solid wastes and
agricultural residues [5,6], organic solid wastesl sewage sludge [7] or more specific
wastes [8].

Recent works on co-digestion have been focusechers¢éarch of synergisms or
antagonisms among the co-digested substrates ¢@]inStance, the optimization of the
carbon to nitrogen ratio when co-digesting municipastes and sewage sludge is pointed
as beneficial to methane yield [10]. The improvetredrthe buffer capacity is also reported
as a positive effect in the co-digestion procedd.[On the other hand, some authors have
shown negative results in co-digestion processdschware attributed to the specific
characteristics of the digested wastes [12]. Adddily, the configuration of the anaerobic
reactor (batch or continuous, one or two stagesoptelic or thermophilic) has been the
objective of some works [13,14]. However, thersdarce information about the response

of an anaerobic reactor treating a typical wasteerwkeveral co-substrates of similar



biochemical composition but with different reportiedels of inhibition to the anaerobic
microbial communities are co-digested. This is péaal interest in the operation of
industrial anaerobic digesters, where the feedutstsates composition may be variable.

Among the co-digested wastes, one of the most cartynesed are lipids. Lipids,
characterized either as fats or oils and grease®ree of the major organic matters found in
food wastes and some industrial wastewaters, ssithase coming from slaughterhouses,
dairy industries or fat refineries [15]. Lipids Inded in waste and wastewater consist
mainly of triacylglycerides and long-chain fattyids (LCFAS). Triacylglicerides can be
hydrolyzed to LCFAs and glycerol. The profile of E&s found in wastes and wastewaters
usually depends on the origin (animal or vegetabldhe lipids; however, LCFAs usually
contain an even number of carbon atoms, typicaititiozv 14-24. LCFAs are successively
degraded via thp-oxidation pathway to acetate and hydrogen, whictuin are converted
to methane [16,17].

If compared with other organic matter of differémdchemical composition, lipids
are attractive for biogas production. This is doghe fact that they are reduced organic
materials and have a high theoretical methane pat¢h8]. However, anaerobic treatment
of organic wastes with high lipid content presesg¢seral problems. On the one hand,
adsorption of lipids onto biomass can cause sldligation and washout [18,19]. On the
other hand, it has been widely reported that higgfFA concentrations can destabilise
anaerobic digesters due to inhibition of methanagéracteria by possible damage to
cellular membrane [20,21]. On that point, howevdifferent values of inhibition
concentration for different LCFA are reported. Thesncentrations of inhibition are in the

range of 30-300 mg'Ifor oleic acid [4,22-24], 100-300 mg-for stearic acid [23,24] or 30



mg-I* for linoleic acid [17]. The variability of the repted inhibition values for LCFAs on

anaerobic digestion is often attributed to the edé@ht characteristics of the anaerobic
population (granular or suspended). Nevertheledaptation of microorganisms to high

loads of LCFA to degrade concentrations well abineinhibition limits are also reported

[22,25]. However, to our knowledge, there is nooinfation about the transition and
adaptation of the anaerobic population to a suddenge in the composition of a co-
digested lipid (and thus in the LCFA profile to degraded).

The objectives of this work are: i) to study thetability of anaerobic digestion to
treat a simulated organic fraction of municipaligdolvastes (OFMSW) with a high
percentage of lipids, determining the optimal atadble organic loading and the operational
conditions at the steady state; ii) to investight co-digestion of simulated OFMSW and
increasing amounts of fats of animal origin (maiotynposed of palmitic, stearic and oleic
acid); and iii) to determine the effects of chaggio a fat of vegetable origin (mainly

composed of lauric, myristic and palmitic acid).

2. Materialsand Methods

2.1 Materials

Three different substrates were used in the anaedipestion: simulated synthetic
OFMSW, which consisted of diluted dry pet food (DMgnu, Affinity Pet Care, Barcelona,
Spain), and two kinds of residual fats used asutistsates. Pet food was chosen as a basic
substrate because of its nutritional similaritynW@FMSW (fibre, protein and fat content)

[26,27]. Pet food was diluted with distilled watgrcording to the organic loading applied



to the digester. Residual fats were: animal fainftbe food industry (lard), the composition
of which was very similar to that of simulated OFWS®specially in the LCFA profile, and
commercial vegetable (coconut) oil. The main progsrof the substrates used are shown

in Tables 1 and 2.

2.2. Anaerobic digester configuration and operation

A semi-continuous, completely mixed liquid reactdth a working volume of 14 |
was used for the anaerobic digestion of wastes.vbhene was maintained by means of a
level control. The digester is cylindrical and dsnensions are: 20 cm diameter, 58 cm
height. Stirring rate during all the experimentssv24 rpm with 4 disc turbines with 6 flat
blades. The digester was inoculated with sludgenfran industrial-scale anaerobic
digestion plant treating municipal solid wastesr{f&tona, Spain). The initial concentration
of total volatile solids (TVS) of the reactor wass@ g:1'. The digester was inside a
chamber where temperature was maintained to 37%CH®ating device. The substrate was
fed 4 times a day using a time-controlled pumpdra#iuent was prepared twice a week. A
recirculation system was periodically working 6 f®oua day to ensure a good
homogenization of the digester liquid by pumpinficav of 150 ml-min'. The hydraulic
retention time of the digester (HRT) was maintaiteed7 days during all the experiments.
Biogas produced in the digester was collected agasored daily. A detailed scheme of the
digester is presented in Figure 1.

During start-up, the influent organic loading waereased from 0.55 to 2.57
kgTVS-m? day*, using diluted pet food, to find the optimal valdéter seven HRT under

stable conditions, the co-digestion process wasestaising animal fat. Animal fat was



gradually increased up to 28% of the organic logdiAt this point, animal fat was

substituted by vegetable fat (coconut oil) mainitegrthe organic loading. Fats were mixed
previously with the simulated OFMSW in the feedlueht tank. For each experimental
condition, the reactor was continuously operatechtdeast two HRT to ensure a situation

of steady state. Calcium bicarbonate was addedsmeely to maintain the alkalinity level.

2.3. Biochemical methane potential assays

Biochemical methane potential (BMP) was assayedldtermine the potential
toxicity of fats in the co-digestion process. 15Dahmixed liquor from the digester was
placed in 300 ml bottles, previously sealed andygdirwith N. Bottles were incubated at
37°C and the biogas and methane production wergzadain batch experiments during
approximately 70 hours (when a plateau in the l@ogeoduction was reached). In
experiments with fats, these were previously ddutéth diethylether (DE, 10 ¢*) due to
the low solubility of the fats (Lalman and Bagl@p00). BMP was calculated according to
the rate of methane generation per kg of TVS. Alblaxperiment with only simulated
OFMSW was carried out, jointly with a control exjpeent with simulated OFMSW and
DE. Inhibition caused by fats was calculated aspxeentage of decrease in the methane
generation in relation to that of the control expent. BMP was statistically analysed by

the Tukey's method at 5% level of probability.

2.4. Lipolytic activity
Lipolytic activity was determined using a commekdith (Roche/Hitachi LIP num.

1821792). Briefly, samples (adjusted to pH=8.0 wathlris-HCI buffer 400 mM) were



mixed with Triton X-100 (1%) to extract the lipag@9]. After extraction, samples were
centrifuged (30 min, 3500g) and filtered (0.4&) to remove biomass and solids. This
sample is then used for lipolytic activity deteration according to manufacturer’s

instructions.

2.5. Analytical methods

Routine analysis: The feed and digester content were analyzed taigesek for
routine parameters. Water content, Total Solids),(T8tal Volatile Solids (TVS), pH and
alkalinity were determined according to the Stadddethods [28].

Fat content: The quantification of the total lipid content wearried out using a
standard Soxhlet method using n-heptane (99% puwrdpreac, Spain) as organic solvent
[29].

Biogas composition: Methane and C@Ocontent in 200-ul biogas samples collected
from the headspace of the reactor were analyzedalsychromatography (Perkin-Elmer
AutoSystem XL Gas Chromatograph) with a thermalcmtivity detector (TCD) and using
a column Hayesep 3m 1/8" 100/120. The carrier gas ke in splittess mode (column
flow: 19 ml mirit). Oven temperature was maintained at 40°C dumadysis. Injector and
detector temperatures were 150°C and 250°C, resggciThe system was calibrated with
pure samples of methane and @0.9% purity, Carburos Metélicos, Spain).

Volatile fatty acid (VFA) analysis: 50 pl of sulphuric acid (98%) were added to
0.6 ml of sample. The acidified sample was thentrdaged (30 min, 3500g) and the
resulting supernatant filtrated through a Millipdvielex-FGS filter (0.2 um). This sample

was used for VFA determination by gas chromatographPerkin-Elmer AutoSystem XL



Gas Chromatograph with a flame ionization dete@iD) and a HP Innowax 30 m x 0.25
mm x 0.25 pm column was used. The carrier gas wasamtl with a split ratio of 13
(column flow: 5 ml mift). An initial oven temperature of 120°C was maimégi for 1 min;
then, it was increased to 245°C at 10°C and maintained at that temperature for 2 min.
Injector and detector temperatures were 250°C &WC3 respectively. The system was
calibrated with different dilutions of a standardxtare of VFAs (including acetic,
propionic, butyric, isovaleric, isobutyric, valernd isocaproic acid from Sigma, Spain) of
concentrations in the range of 0-100 rigDetection limit for VFA analysis was 5 mig.|

L CFA analysis: 5 ml of n-heptane (99% purity, Panreac, Spaimeveelded to 5 mi
of sample and mixed for 30 min to extract LCFA. Huspension was then centrifuged (30
min, 3500g) and the resulting supernatant filtrateadugh a Millipore Millex-FGS filter
(0.2 um). This extract was used for free LCFA detaation by gas chromatography. A
Perkin-Elmer AutoSystem XL Gas Chromatograph wittaene ionization detector (FID)
and a HP Innowax 30 m x 0.25 mm x 0.25 pm columa used. The carrier gas was He
and with a split ratio of 13 (column flow: 5 ml mfijp An initial oven temperature of 120°C
was maintained for 1 min; then, it was increase@30°C at 8°C mih and maintained at
this temperature for 7 min. Injector and detecmperatures were 250°C and 275°C,
respectively The system was calibrated with diffierdilutions of a standard mixture of
LCFAs (including lauric, mystiric, palmitic, stearioleic and linoleic acid from Sigma,
Spain) of concentrations in the range of 0-100 thgDetection limit for LCFA analysis

was 5 mgt.
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2.6. Data analysis
Statistical significance of values of different gayeters obtained for consecutive
organic loadings applied to the digester was cdroat by means of F-test (variance

analysis) and Student’s t-test (mean analysis) &b896 level of probability.

3. Results and discussion

3.1. Digestion of simulated OFMSW

Anaerobic digestion of simulated OFMSW was caroed in two steps. Initially,
the organic loading of the reactor was progresgirgreased to find the maximum value
under stable conditions. In the second step, thadgtstate reached was maintained for 7
hydraulic residence times to obtain the main openat parameters for anaerobic digestion
of simulated OFMSW. Both periods are shown in Fegawr

Start-up period was characterized by a paralleksse of the biogas production and
TVS removal as the organic loading increased, shgvai good acclimation of sludge to
simulated OFMSW. However, from day 60, total VFAcentration reached values above
1 g-I*. Although literature values for inhibition causegd VFA are lower than those found
in the start-up period [31], the decrease in thegé&s production and TVS removal
confirmed that the maximum organic loading had besthed (Figure 2). The relatively
low values of VFA inhibition in this process wereobably caused by the type of VFA
detected. In Figure 3, it can be observed thabtafih acetic acid was by far the dominant
VFA produced, propionic acid and isovaleric acidrevalso detected. These acids are

reported to be inhibitory for methanogenic bactexian at trace concentrations [32].
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To avoid problems of reactor instability and torpira stable co-digestion process,
organic loading was fixed to a low value of 0.97 RgS-m?>d'. The reactor was then
maintained under these conditions during 7 consecWRTs showing a highly stable
operation (Figure 2), with values of total VFA centration below 0.1 g'land undetected
levels of acetic acid, propionic acid and other VAAe main results corresponding to the
steady state period are presented in Table 3. ¥aimethane content in biogas and biogas
and methane yields were similar to those foundnf@sophilic anaerobic digesters [33],
whereas TVS removal can be considered high wherpamed with values found for other
organic wastes [33], which is probably due to thghhbiodegradability of simulated
OFMSW. Nevertheless, it must be pointed that liteendata shows some dispersion in the
values obtained for typical operational parametéranaerobic digesters, especially with

organic solid wastes.

3.2. Inhibition of biochemical methane potential by fats

Inhibition experiments were carried out previousty the co-digestion process.
Thus, anaerobic sludge from the reactor was inedbatith different concentrations of
animal fat (lard), the composition of which wasywsmilar to that of simulated OFMSW
(Table 2) being palmitic, stearic and oleic acié ttominant LCFAs. Results showed a
percentage of inhibition within the range of 10-208alculated for fat additions
corresponding to increments of 10 to 25% of theanigloading at steady state. However,
statistical analysis indicated that there were igoiicant differences among treatments.
Nevertheless, it could be concluded that inhibittérBMP by animal fat should be low or

inexistent and the co-digestion process could limtied. Additionally, some authors have
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reported studies on acclimation of anaerobic sludgeeveral inhibitors, including fats and

LCFAs [4,22,25], which might be expected to occuthie anaerobic reactor.

3.3. Co-digestion with animal fat

Anaerobic co-digestion was started from the stestale. The first co-substrate used
was animal fat (lard), which LCFA profile was vesynilar to that of simulated OFMSW
(Table 2), with palmitic, stearic, oleic and linml@cids accounting for the 91% of the total
LCFA content. Fat content in the influent of thactr was progressively increased by a
percentage of 4, 7, 14, 21 and 28% of the orgar@dihg at steady state. In Figure 4, the
main results for this period are presented.

Throughout the co-digestion process, levels of i#Ye negligible (total content
below 0.1 g-1) indicating a high stability of the reactor, whigtes confirmed by the
presence of steady profiles of pH and alkalinitytlod reactor (data not shown). On the
other hand, LCFA content was very low during thedggestion with animal fat, with only
traces of oleic acid detected (below 12 mj-These values of LCFA content are quite
lower than those reported in other studies, wheghen contents cause inhibition to
methanogenic microorganisms [4,17,22-24]. Additlignano accumulation of fat was
detected in the reactor, and total fat removal wakin the range of 88% and 94%,
whereas TVS removal was within the range of 70-8004s likely that the similar
composition between animal fat and fat from simeda®FMSW provoked both the animal
fat fast hydrolysis and the quick consumption ofifeyysis products (glycerol and LCFA)
[34]. To confirm this, the lipolytic activity of #hreactor was determined (28% animal fat

period). However, no lipolytic activity was detedtéhroughout the co-digestion process.
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Although the reason for this is not clear, it ma&yHypothesized that lipolytic activity was
beyond the detection level or that lipases werd asesubstrate as soon as they hydrolyzed
the fats. Moreover, some authors point out thatetkteaction of lipases from sludge is not
easy and that lipase activity remains immobilizedtlee organic particulate matter and/or
intracellular membrane or cell-wall bound [30,35].

Biogas production, biogas and methane yields aesepted in Figure 4 for each
period of animal fat with increasing concentrati@ata in Figure 4 for each period was
analysed for statistical significance. Periods thed statistically different are shown in
Figure 4 with different letters. A significant deese (p<0.05) was observed for all the
parameters when animal fat co-digestion was iediatvhich was probably due to a partial
inhibition of the methanogenic activity as it wdsoaobserved in the BMP assays. The
inhibition observed in the reactor was in the ran§e25% for the studied parameters.
However, when the fat loading was progressivelydased, biogas and methane yields
recovered the steady state levels and biogas pioduacreased according to an increase
in the total organic loading of the reactor. Thessults seemed to confirm that sludge was
progressively acclimated to the new co-substrateit &das been reported in other works
[22,25].

During the co-digestion with animal fats, methamantent in biogas slightly
increased from 58% (steady state) to 61% (28% drfahaeriod). However, in the case of
our study, the low increase in the methane cordehinot rise significantly the methane
yield (Figure 4). In other works, although metharedd increases when lipids are used as

co-substrates, the theoretical methane yield catied! according the beta-oxidation of
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LCFA is not usually reached, which is often expdairby some degree of inhibition caused

by LCFA [15,16].

3.4. Co-digestion with vegetabl e fat

Animal fat (28% period) was suddenly substitutedviegetable fat (coconut oil)
maintaining fat concentration and the rest of openal conditions of the reactor. Results
for this last period of co-digestion are also pnésd in Figure 4. It is worthwhile to notice
that LCFA profile for vegetable fat is completelifferent from that of animal fat and
simulated OFMSW (Table 2) being short-chain satgrdtFCA the most predominant
(lauric acid, mystiric acid and palmitic acid acoting for the 74% of the total LCFA
content). Despite this fact, only a slight increaseéhe VFA concentration was observed
during the first days of vegetable fat feeding édadt shown), whereas LCFA concentration
and other routine parameters (pH and alkalinitynamed steady. There were other
operational parameters, such as methane yield,enthere was not statistical difference
(p<0.05) from that found on of animal fat, wheréatal fat removal was very high (97%).
These results showed that an acclimatized anaestlmige can degrade fats from different
sources (and chemical composition). Besides, insdabat no important metabolic changes

are implied in the hydrolysis of different fats andhe degradation of their LCFAs.

4. Conclusions
A pilot size digester was operating for nearly tyears treating wastes with high
lipid content. From this period of study, the matonclusion is that no important

differences in the performance of the anaerobidigestion were observed when a fat from
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animal origin was suddenly changed by a fat of tadgle origin with a completely different
LCFA profile. This may indicate that no importanetabolic changes are implied in the
degradation of different LCFAs with an acclimatizelddge. This is of special interest in
the industrial application of co-digestion procesbgre the co-substrates may be variable
in composition and, thus, in expected inhibition.

Additionally, other relevant conclusions from thiserk are:

- During the steady state of the digester, treatingiraulated OFMSW, high
percentages of TVS removal were obtained (73%Mtljoiwith typical yields of
biogas and methane generation (0.8 biogas per kg of TVS degraded, 0.5 m
methane per kg of TVS degraded, 58% of methanegeak).

- After an adaptation period, the co-digestion wahihcreases the amount of biogas
produced according to the applied organic loadifge yields of biogas and
methane generated per kg of TVS degraded are sirtolahose found with
OFMSW, being the methane content slightly highgh&presence of fats.

- Both fats from animal or vegetal origin were almostnpletely degraded in high
percentages (94% for animal fat and 97% for vegktd) which confirmed that

anaerobic digestion is a suitable technology feattnent of these wastes.
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Tables

Table 1. Main properties of the simulated OFMSW (dry petod) according to

manufacturer’s data.

Parameter Value
Moisture (%) 9.0

Total Volatile Solids (%, dry basis) 91.0
Total Protein (%, dry basis) 21.0
Total Fat (%, dry basis) 10.0
Total Cellulose (%, dry basis) 3.3
Ashes (%, dry basis) 7.0
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Table 2: Percentage of the main LCFAs found in the fadsnfdifferent substrates.

Lauric | Mystiric | Palmitic | Stearic Oleic Linoleic Other
Substrate (C12:0)| (C14:0) (C16:0) | (C18:0) | (C18:1)  (C18:2)  LCFA
(<1%)
Pet food 0.2 2.2 32.9 14.9 33.8 5.6 10.4
Animal fat ND* 3.0 30.0 17.0 38.0 6.0 6.0
Vegetable fat 45.5 18.5 10.4 3.3 8.7 2.2 11.4

*ND: not detected
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Table 3: Operational parameters for the digestion of sated OFMSW at steady state.

Parameter Value Standard deviation
Organic loading (kg TVS-md") 0.97 -

Total VFA concentration (G) <0.1 -

Biogas production (-8 8.0 1.5

TVS removal (%) 73 4

Biogas yield (m: kg TVS removed) 0.8 0.3

Methane yield (M kg TVS removed) 0.5 0.2

Methane in biogas (%) 58 2

Total alkalinity (meq. C& 17 50 5

pH 8.0 0.2

N
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Legendsto Figures

Figure 1: Scheme of the digester.

Figure 2: Organic loading, Total VFA concentration, Biogasduction and TVS removal

during the period of digestion of simulated OFMSW.

Figure 3: Concentrations of different VFAs during the pdriof digestion of simulated

OFMSW.

Figure 4: Biogas production, Biogas and Methane yield fa different treatments in the
co-digestion of simulated OFMSW and fats. Solidsbesrrespond to average values and
vertical lines correspond to standard deviatiomgaautive treatments with different letters

are statistically different.
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Fig. 4: Fernandez et al.
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