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Abstract

Respiration indices are suggested in literature tlas most suitable stability
determination and are proposed as a biodegradabiigasure in this work. An
improved dynamic respiration index methodology esatibed in this work. This
methodology was applied to 58 samples of diffetgpés of waste including municipal
solid wastes and wastewater sludge, both raw naédeand samples collected in a
mechanical-biological treatment plant at differesthges of biodegradation. Results
were analyzed in terms of long and short term iegliand index expression: dynamic
respiration indices expressed as average oxygakapate (mg @g* DM-h?) at one
and 24 hours of maximum activity (DRI DRlygy); and cumulative oxygen
consumption in 24h of maximum activity and 4 da&3 {u, AT4). Indices and wastes
were also statistically compared. Raw sludge ptesethe highest biodegradability
followed by organic fraction of municipal solid wasand anaerobically digested
sludge. All indices correlated well but differemirelations were found for the different
wastes analyzed. The information in the dynamigirason profile allows for the
calculation of different indices which provide coexpentary information. The
combined analysis of DRk and AT, is presented here as the best tool for
biodegradable organic matter content characteozatand process requirements

estimation.
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Abbreviations

ADS: anaerobically digested sludge.

ATo4n cumulative oxygen consumption in the 24 hours neéximum activity
(corresponding to DRJy).

AT 4. cumulative oxygen consumption in four days afigrphase.

DM: dry matter.

DRIy dynamic respiration index as an average of tleehtmur of maximum activity.
DRIy4n dynamic respiration index as an average of thed#s of maximum activity.
DRImax Mmaximum dynamic respiration index.

OF: source-selected organic fraction of municipaidswaste (mainly food and yard
wastes).

MBT: mechanical-biological treatment.

MSW: municipal solid waste.

MBT-MSW: samples from a MBT treating MSW.

MBT-OF: samples from a MBT treating OF.

RS: raw sludge.

SRI: static respiration index.
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1. Introduction

The number of treatment facilities based on biaabiprocesses has been
increasing the last years. These installationsraceiving municipal and industrial
organic wastes with the common main goal of redydhreir biodegradable organic
matter content. Composting, anaerobic digestion raedhanical-biological treatment
plants contribute to organic matter recycling anérgy recovery and avoid unstable
organic matter landfilling.

The general goal of those facilities would thertdstabilize the organic wastes.
Stability is defined as the extent to which readiipdegradable organic matter has
decomposed (Lasaridi and Stentiford, 1998). A cosse has not been reached yet
about which shall be the most suitable measureofehe biodegradable organic matter
content in a solid organic waste. The measureaddgradable organic matter content is
of most importance for the proper analysis andgiesf the above mentioned treatment
facilities and it is required to evaluate theiri@éncy. Some references can be found
where different methodologies are suggested as asume of biodegradable organic
matter, based on chemical and biological assayseMer some of those methodologies
such as the volatile solids content are suitabléy as a total organic matter
measurement. They can not express the potentidebradability since they include
volatile materials which are not degraded in therapon time (e.g., the bulking agent
in a composting plant) or are not biodegradablalge.g., plastics present in municipal
solid wastes) (Wagland et al., 2009). The methaglek based on biological assays
appear as more suitable and some standards haveiggested by different authors or
European countries legislation documents (Barreéah,e2006).

Among the biological methodologies suggested, aemaspiration indices have

been highlighted as the most suitable tool for égrddabity and/or stability assessment
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(Barrena et al., 2009; Wagland et al., 2009). Idde¢bey have been used in recent
works to analyze the performance of different tresait processes. For instance, Ponsa
et al. (2008) used the static respiration indexl$Roposed by Barrena et al. (2005)
and based on a previous work by lanotti et al. 8)a® assess the efficiency of a
mechanical-biological treatment (MBT) plant tregtimunicipal solid waste (MSW)
and source-selected organic fraction of municigdidswaste (OF). Ruggieri et al.
(2008) used the same index to compare the perfaenaindifferent aeration systems to
enhance OF composting. Ponsa et al. (2009) alsledpthis methodology to analyze
the composting system of wastewater treatment slwdgen using different bulking
agent ratios.

Besides the obvious usefulness of this SRI as detraiad by the above
mentioned works, other authors have suggested dgnapproaches for respiration
activity measurement (Adani et al., 2003; Tremierak, 2005). Furthermore, SRI
correlates well with dynamic respiration index (DRBarrena et al., 2009) and with
anaerobic indices such methane generation potef@isa et al., 2008). The main
difference among static and dynamic methodologighat SRI presents a single value
of biological activity potential while the dynamépproach generates an activity profile
which might permit a deeper analysis of organicemals biodegradability: this should
include both total biodegradable organic mattert@sinand information on at which
rate the biodegradation can occur.

In this work, an improved dynamic methodology isganted with the objective
to offer a reliable measurement of the biodegraglabyjanic matter content in organic
solid materials, useful for researchers and in@alstperators. The aim of this work is

to establish whether respiration indices can bel asea measure of the biodegradable
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organic matter content and stability of organic enats as well as to define the most

suitable form of expression for those indices.

2. Materialsand Methods
2.1. Organic Wastes

Fifty-eight samples of different organic wasteslexiked at different stages of
biodegradation were used in this work. Raw matenaére: source-selected organic
fraction of municipal solid waste (OF, mainly foadd garden wastes); municipal solid
waste (MSW); and sludge from wastewater treatméaritpboth raw sludge (RS) and
anaerobically digested sludge (ADS). Additional pes were collected at different
processing points in a MBT plant treating MSW (MBISW) and OF (MBT-OF). This
plant has been previously described elsewhere @Pensal., 2008) and the main
processing steps are mechanical pre-treatmentramaaligestion and composting, in
this order. Table 1 shows the average dry andnazgaatter content for each type of
raw material. MBT samples are not included bec#usg present a high deviation since
this label includes diverse materials such as MSWr anechanical pre-treatment,
digestate from anaerobic digestion or final compost

Samples were collected and analyzed along onepgrand (2008). All OF and
MSW samples were grinded to 15 mm particle sizentoease available surface and
maintain enough porosity and matrix structure.sainples were frozen at -18°C within
the first 12 hours after sampling. Prior to anaysamples were thawed at room

temperature for 24 hours.
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2.2. Dynamic Respiration Index

The procedure established for dynamic respiratiaices determination and
calculation was based on previous work by Adanalet(2003, 2004, and 2006) and
Barrena et al. (2005) and designed with the aim atmlyze three replicates
simultaneously. Figure 1 shows a scheme of therewrpatal set up built for dynamic
respiration index determination with capacity foree samples. A 100 g waste sample
was placed in a 500 mL reactor. In the case of powosity materials such as sludge,
porosity was corrected manually by mixing 25 g @foden rods (cut in two) for 100 g
of sludge and the resulting 125 g of mixture wesedufor DRI determination. Wooden
rods are considered inert material since their dgoadation is negligible in the time of
assay. Reactors (Figure 1) consisted of an Erleamitgsk, containing a plastic net to
support the organic waste and provide an air bistion chamber, placed in a water
bath at 37°C (Barrena et al., 2005). Airflow in tieactors was manually adjusted by
means of an air flow controller (Bronkhorst Hit@¢ie Netherlands) to provide constant
airflow, and modified when necessary to ensure @mim oxygen content in exhaust
gases of 10% v/v (Leton and Stentiford, 1990). Adowy to the biodegradability of the
samples, initial air flow selected was 30 mL thifor active samples and 20 mL ritin
for more stable samples such as compost. Exhausbai the reactors was sent to an
oxygen sensor prior dehumidification in a wateptrBoth air flow meters and oxygen
sensors were connected to a data acquisition systeontinuously record these values
for DRI calculation.

Dynamic respiration index can be calculated fromgex and air flow data for a

given time (Equation 1).
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_(0,, -0,,)xF x3198x60x1000°

DRI, -
100C° x224x DM

(Equation 1)

Where: DR}, Dynamic Respiration Index for a given time t, @gg* DM-h™;
(0,,;-0, ), difference in oxygen content between airflowaimd out the reactor at that
given time, volumetric fraction; F, volumetric & measured under normal
conditions (1 atm and 273 K), ml min31.98, oxygen molecular weight, g ritpk0,
conversion factor, minutes/hour; 18p@onversion factor, mg™y 1000 conversion
factor, mL L' 22.4, volume occupied by one mol of ideal gasenmbrmal conditions,
L; DM, dry mass of sample loaded in the reactor, g.

A dynamic respiration index curve can be built fromline collected data as
shown in Figure 2. From these data, several reagpirandices can be calculated as
follows, divided into two categories: oxygen uptakae indices and cumulative
consumption indices.

Oxygen Uptake Rate Indices - DRI

- DRImax maximum DR{ obtained.

- DRI1h: average DRIin the one hour of maximum activity.

- DRI4 average DRY}, in the 24 hours of maximum activity (Adani et al.,
2003).

Cumulative Consumption Indices - AT

- AT,: Cumulative oxygen consumption in n days calcaats shown in

Equation 2:
AT, =] ""'DRI,-dt  (Equation 2)
Where t is time when lag phase finishes. Lag phase (Fed&waernment of

Germany, 2001) ends when oxygen uptake rate re&dfésof the maximum uptake

rate calculated as the average of three hours rig@ju
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- AT, cumulative oxygen consumption in four days (aliéey phase).

- AT24n cumulative oxygen consumption in the twenty-fbours of maximum
activity, i.e., the twenty-four hours period wheR By is calculated.

Two replicates were analyzed for each sample. Al ttéplicate was undertaken

when deviation among duplicates was over 20%.

2.3. Analytical methods
Water content, dry matter (DM) and organic mattentent were determined
according to the standard procedures (The US Dmpattof Agriculture and The US

Composting Council, 2001). Three replicates werdyared for each sample.

2.4. Statistics

Anova test was performed to compare different iesliand substrates. Mean
values for the different DRI were compared for @egi substrate. In addition, OF, RS
and ADS mean values were compared for a given intfeAnova test resulted in
statistically significant differences, Tukey teshsvperformed in pairwise comparisons.
A confidence level of 95% was selected for allistaial comparisons. Statistical tests

were conducted with SPSS 17.0.0 (SPSS Inc., USA).

3. Results and Discussion
3.1. Respiration indices values and correlations

Figure 3 presents DRl DRl and DR}4, and Figure 4 presents Aqf and
AT, for the 58 samples analyzed. It was not possthbtmlculate AT in all cases due to
insufficient test time. In general higher indiceslues are observed for OF and RS

samples. In the case of MBT samples, the high bitlaamong indices values reflects
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the different stage of stability of samples cokectalong a mechanical-biological
treatment process.

From the presented values, a qualitative classificaof indices can be
established, based on the intrinsic characteristiche materials, the existence of a
pretreatment or storage stage, and the analyzemesdalues:

i) highly biodegradable wastesespiration activity higher than 5 mg,-@*
DM-h* (which includes source-selected organic fractibmonicipal solid waste, non-
digested municipal wastewater sludge and animadrbgucts)

ii) moderately biodegradable wastesspiration activity within 2 to 5 mgQy*
DM-h* (including mixed municipal solid waste, digestednicipal wastewater sludge
and several types of manure)

iii) wastes of low biodegradabilitfrespiration activity lower than 2 mg,@*
DM-h?Y)

The indices in Figures 3 and 4 were analyzed ierotadl establish whether they
correlate. Indices were analyzed together and édvidto groups according to the type
of material. Results obtained for linear correlatislope, p and RRare presented Table
2. For instance, for OF and MBT-OF samples,Ahd DR}4, correlated according to
AT, = 71.8137-DRb, with a R of 0.9063 and p<0.0001. All indices correlated
significantly when all data from the 58 samples eveonsidered. When respiration
indices were analyzed according to the type of $antpe correlations found were
different but still significant, except for the easf ADS where a high dispersion was
observed and no significant linear correlation viasnd among the five different
indices considered. The observed variability in A@fIld be explained by the different
biodegradation level achieved in anaerobic digestarking under different conditions

and with a different biomass. In general the sligpehe linear correlation among DRI

10
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and DR}ax was close to 1 for the different materials anadyZ@Rb,, was the 65% of
DRInaxWhen all data was considered, however this raireed between 49.3 and 89.3%
depending on the type of sample. This variation alas observed for DR, or DRk,
with AT, (65.8 for all data and 71.8 to 101.2 for differéyptes of waste). Short-term
indices obtained for one type of waste have beereladed to long-term ones and
proposed as useful prediction tools (Mohajer et 2009). The observations here
presented and discussed highlight the need forifgpeorrelations for each material.
They also indicate that although strongly correlatee indices considered might
provide different information. Thus, a deeper asiglyf their meaning and expression

form was undertaken and is presented in followiggfiens.

3.2. Oxygen Uptake Rate Indices — DRI

Figure 5 presents the statistical comparison of RQRDRI;, and DRg4, for
three different organic wastes typologies, OF, R8 ADS. The indices DRk« and
DRI, were not statistically different for the three pradls considered. The index
DRIy4n Was statistically different to and lower than titker two indices for ADS while
it was found not different for OF and RS. In theeaf highly biodegradable wastes as
OF and RS, high respiration activity can be maigdifor longer periods of time. In
these cases, DRJ DRhn, and DRjsn are equivalent. Contrary, moderately
biodegradable materials as ADS might reach a ceraide activity at a given moment
but the lack of enough energy content will not w&lléor the maintenance of that
respiration level. In this case, a long term indexDR}4p, is expected to be lower than
DRImnax and DRYy, as demonstrated in this work (Figure 5). In cguneace, DRy is
considered more sensitive to discriminate amonigrmiht biodegradability levels. This

conclusion points to the hypothesis that a longee index such as Alcould be more

11
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sensitive too and a better tool for stability amdiondegradable organic matter content

determination.

3.3. Cumulative Consumption Indices — AT

Figure 6 presents the variation with time of curtiukaoxygen consumption
(AT,) expressed as a ratio of long time oxygen consmgest (AT, cumulative
consumption in 12 days). These results were oldatoerelating AT, to ATy, for 22
organic samples including OF, RS, ADS, MBT-OF andTYMSW.

Data in Figure 6 was fitted to the modified Gomperiodel (Equation 3), which
describes microbial growth and is often used ireamlaic digestion systems (Buendia et

al., 2009; Zwietering et al., 1990).

ATn/ATlZ = p@xp{- ex;{R %Xp(/] —t)+1}} (Equation 3)

Where AT/AT 12 is the ratio of cumulative oxygen consumed at tini@ays) to

the final cumulative oxygen consumption; P is tladior of the ultimate oxygen
consumption potential (dimensionless); R is maximaxygen uptake rate, dayandA
is the lag phase (days).

The results of the Gompertz fitting were P = 1R15 0.13 & andA = -0.92 d
(p<0.0001, R= 0.9921). The absence of a lag phase (mathenigtieahegative lag
phase) indicates the rapid growth of aerobic miganisms in highly biodegradable
substrates. In this sense, an aerobic method isctegh to allow for a more rapid
biological activity estimation than an anaerobicogadure (Ponsa et al., 2008).
Gompertz model should be used when a lag phasésseneed, for instance, when

processing long term frozen samples.

12
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In the cases where a lag phase is not observadmesexponential rise model
(Equation 4) is considered more suitable to modekesolution. Figure 6 shows data fit

to this model.
A%le = P{1-exp(- Rt)| (Equation 4)

Experimental data in this study fitted well to teponential model (p<0.0001
and R = 0.9956). Model parameters obtained were P = afi¥ R = 0.22 d. The
expression obtained is valid for all the analyzashgles which include different organic
materials collected at different stages of bioddgtian. Consequently this model can
be considered a general expression suitable foobaerbiodegradation process
modeling.

As observed in Figure 6, ATcorresponds to 65% of the final cumulative
oxygen consumption. In the wastewater field theapaater biological oxygen demand
at 5 days (BOB) is widely used (Metcalf and Eddy, 2003). The BO&presents a 65%
of total biological oxygen demand for municipal weagater. Hence, four days is a
convenient duration for the respiratory test inidgbhase since it quantifies a

considerable amount of total oxygen consumptiondawg longer analysis times.

3.4. DRI vs AT. Which index should be used?

Figure 7 shows the statistical comparison of thedégradability of three
different types of organic wastes according to thdex selected to express it.
According to Figure 7, OF and ADS would be consideas equivalent in terms of
biodegradability when considering DR}, DR, DRlan or AT2an. However, when a
longer term cumulative index as ATvas used, the classification appeared different,
being OF and RS not statistically different and AB&tistically less biodegradable.

This last finding would be in agreement with thassification suggested in section 3.1

13
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of this paper as well as with the behavior of thesaterials under composting
conditions (Gea et al., 2004). As previously expddi, highly biodegradable materials
maintain a high activity level for a longer timeathmoderately biodegradable wastes.
This is illustrated by the ratio AL/AT 4, which is 34.2, 34.5 and 37.8% for OF, RS and
ADS respectively, as calculated from average datkigure 7.

Consequently, long term cumulative indices woulttdrerepresent the overall
biodegradable organic matter content of a givenpdarian short term indices, either
cumulative or rates. Consequently, Agrovides a reliable measure of biodegradable
organic matter. However, it is crucial to know theximum biodegradation rates for a
complete biodegradability assessment and in thmlistage of a treatment process to
optimize operation. Dynamic respiration methodologylows for a complete
biodegradability analysis combining DRJ, DRLsn and AT, information, that is,
biodegradation rate and biodegradable organic matietent. If one index shall be
selected, DRk, is sensitive enough to discriminate among hightgl anoderately
biodegradable wastes and can be determined inra@rod of 24 hours. Afterwards,
correlations presented in section 3.1 can be usedT, estimation from DR, values

specifically for the different types of wastes @mted here.

Conclusions

All indices obtained from dynamic respiration methlmgy correlate well but
can reveal differences among organic substratesdiverse manner. The information
provided by DRI profile is a useful tool for a pise biodegradability analysis. The
index DRbyp, shall be selected as a fast and sensitive mea$imedegradability level
while AT, quantifies the biodegradable organic matter carmém given sample. The

combined information provided by both indices skiobé used whenever is possible.

14
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396 Tables

397 Table 1. Dry matter and volatile solids content foe different types of sample

398 considered, expressed as average with standaratidevin brackets.

Sample Type of sample Number Dry matter Volatile solids
code of samples (%) (%, dmb)*
OF organic fraction of municipal 6 36.2 (5.4) 73.7 (8.8)
solid waste

RS raw sludge 10 21.4 (6.0) 73.3(7.7)
ADS anaerobically digested sludge 10 21.4(3.7) 4%5.8)

399 *dmb: dry matter basis

400
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401

402

403

404

405

Table 2. Linear correlations (Y = s-X) found amodiferent dynamic indices
according to type of waste (n: number of samplesjape; Y: dependent variable; X:

independent variable; DRI, mg@* DM-h™; AT, mg G-g* DM).

OF and MBT-OF samples
n=24, p<0.0001 for all correlations

RS samples
n=10, p<0.05 for all correlations,
except * p<0.0001 andp>0.10

Y — Y—
X1 DRIy, DRLsy, AT AT, X1 DRIy, DRbLsy, AT AT,
DRI s:0.9698 s:0.6687 s:16.1484 s:47.4244 DRI $:0.9968* s:0.4904 s:11.8046 s:4.2057
" R%0.9965 R%0.8857 R%0.8991 R%0.8017 ¥ R%0.9999 R%0.5528 R%0.5547 R%0.9132
ORI s:0.6927 s:16.7315 s:49.2708 DRI $:0.4928 s:11.8618 s:53.4010
th R%0.8970 R%0.9114 R%*0.8116 th R%0.5547 R%*0.5556 R%*0.5074
DR, $:24.1736 s:71.8137 DR, $:24.0276* s:101.2485
" R%0.9972 R%*0.9063 " R%1.0000 R%0.9142
s:2.9787 s:4.2057
ATaan R%0.9154 ATaan R%0.9132
MBT-MSW samples ADS samples

n=12, p<0.0001 for all correlations, except * p<.0

n=10, p>0.10 for all correlations, except * p<0.000

Y—

Y—

X1 DRIy, DRLsy, AT AT, X1 DRIy, DRbLsy, AT AT,
DRI $:0.998  s:0.8915 s:20.5811* s:71.7897* DRI $:0.9830* s:0.3622 s:11.3557 s:-10.4543
M R%1.0000 R%0.9663 R%0.9192 R%0.9246 M R%0.9985 R%0.2008 R%0.2901 R%0.1870
ORI 5:0.8934 5:20.6284* 5:71.9317* DRI s:0.3710 s:11.5285 s:-10.4712
th R%0.9668 R%0.9199 R%0.9247 th R%0.2038 R%0.2894 R%*0.1757
DR, $:23.8990 s:80.0834* DR, $:25.6461* $:51.1704
" R%0.9714 R%0.9017 " R%0.9670 R%0.2920
s:3.3564* s:0.2315
ATaan R%0.9313 ATaan R%0.0054
All data
n=58, p<0.0001 for all correlations
Y—
x| DRIy, DRy, AT AT,
DRI $:0.9900 s:0.6325 s:15.3432 s:44.7059
X R%0.9986 R%0.8496 R%*0.8492 R%*0.7068
DRI s:0.6400 s:15.5174 s:45.6593
th R%0.8539 R%0.8496 R%*0.7135
DRI $:24.0525 s:65.8188
24 R%0.9970 R%0.8698
$:2.7205
ATaan R%0.8664
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Figures

Figure 1. Experimental set up for dynamic resparatndices determination.

Figure 2. Typical curve for dynamic respirationemcevolution and calculation.

Figure 3. Dynamic respirometric indices for 58 arigawaste samples, expressed as:
DRImax maximum DRI measured; DRJ DRI average of the one hour of maximum
activity; DRLa4, DRI average of the twenty-four hours of maximuativaty. Vertical
lines separate different waste typology.

Figure 4. Cumulative oxygen consumption indices 5& organic waste samples,
expressed as: Al, cumulative consumption in the twenty-four houfsnoaximum
activity; AT, cumulative consumption in four days. Verticalebnseparate different
waste typology.

Figure 5. Statistical comparison of different ireicobtained for three different organic
wastes. Different letters indicate statisticallffetient means.

Figure 6. Evolution with time of cumulative oxyg@onsumption as a fraction of
ultimate cumulative oxygen consumption: experimiedéda and exponential fit.

Figure 7. Statistical comparison of three differemganic wastes dynamic indices.

Different letters indicate statistically differemieans.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5

DRI (mg O, -g DM™ - h™")
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Figure 6
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Figure 7
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