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Abstract

Composting of several organic wastes of differéamngical composition (Source-separated Organic
Fraction of Municipal Solid Waste, dewatered Rawdgk, dewatered Anaerobically Digested Sludge
and Paper Sludge) has been carried out under dedtemnditions to study the suitability of diffeite
biological indexes (Oxygen Uptake Rate, Respiroimétidex and Respiratory Quotient) to monitor the
biological activity of the composting process.

Among the indexes tested, Oxygen Uptake Rate (&fored to as Dynamic Respirometric
Index) provided the most reliable values of micablaictivity in a compost environment. On the other
hand, values of Static Respirometric Index measategrocess temperature, especially in the early
stages of the composting process, were significdmiter than those of the Dynamic Index, which was
probably due to oxygen diffusion limitations presém static systems. Both Static and Dynamic
indexes were similar during the maturation phasatiSRespirometric Index measured at 37°C should
not be used with samples obtained during the thehilio phase, since it resulted in an
underestimation of the respiration values. RespiyaQuotient presented only slight variations when
changing the process temperature or the waste dmesl, and its use should be restricted to ensure

aerobic conditions in the composting matrix.

Key words: Biological Activity, Composting, Organic Waste§xygen Uptake Rate (OUR),

Respiratory Quotient (RQ), Respirometric Index (RI)



Introduction

In recent years, the increasing amounts of orgswlid wastes generated by municipalities, industrie

or agricultural activities have become a world-wteblem. Among the available technologies to treat
and recycle organic wastes, composting is preseagenhe of the most promising options to recycle
organic materials into a valuable organic fertilipepularly known as compost.

Composting is a biotechnological process by whiffer@nt microbial communities decompose
organic matter into simpler nutrients. Compostisgan aerobic process, which requires oxygen to
stabilize the organic wastes, optimal moisture pmesity (Haug, 1993). Temperature is often setecte
as the control variable in the composting procbssause is an indicator of the biological actity
the material. Also, as the composting process usllyscarried out within the thermophilic range of
temperature, it permits the hygienization of tmafiproduct (Salter and Cuyler, 2003).

There is abundant literature related to differesgemts of composting, such as microbiological
studies (Gamo and Shoji, 1999; Tiquia et al., 200Banges of chemical composition (Pichler et al.,
2000), technical and operational considerationag@nd Ho, 1997; Wong and Fang, 2000), emission
of pollutants (Eitzer, 1995; He et al., 2001) oogass modeling (LOpez-Zavala et al., 2004). However
there is scarce information about the monitoringbaflogical activity of composting processes in
comparison with other biotechnology fields, suclieasentation technology or wastewater treatment.

Oxygen Uptake Rate (OUR) has been traditionallgluseaerobic processes to estimate on-line
the biological activity, especially in the wastearatreatment. In the composting field, OUR is often
referred as Dynamic Respiration Index (DRI). OURD#tI can also be estimated off-line and without
continuous aeration by using respirometric techesginown as Static Respiration Index (SRI, or
simply RI), which is commonly used to determine post stability (lanotti et al., 1993; Chica et al.,
2003). Both parameters are indicators of the biokactivity of a composting process. Ideally, DRI

and SRI would be identical in an aerobic environimaumt significant differences have been found



between both indexes in composting experiments. cfetely, the use of SRI results in an
underestimation of the biological activity of a qoost sample, which is usually attributed to oxygen
diffusion problems in the determination of the iesmetric index in solid static samples (Scaglialet
2000; Adani et al., 2003).

The respiration quotient (RQ), representing thatr@hship between COproduced and 9
consumed, is approximately equal to 1 under aerobiaditions (Atkinson and Mavituna, 1983),
although it depends on the biochemical compositibthe organic material. This parameter is, to our
knowledge, rarely measured in composting proces&iase it is a characteristic value directly rederr
to organic waste composition and active microbtmhmunities, RQ can be used in the monitoring and
control of the composting process (Atkinson et 8097) and to predict air requirements and,CO
production (Smars et al., 2001). Given a definedtejahe value of RQ in a composting process can be
considered steady under different conditions o&ta@m rate or moisture (Klauss and Papadimitriou,
2002; Monning et al., 2002). In other works, soméhars have found some differences in RQ when
composting wastes amended with fats (Weppen, 2@¥1yvhen composting the same waste under
different temperature regimes (Nakasaki et al.,5198o0th facts have been correlated to metabolic
effects associated to the growth of different miab communities using different organic substrates
under different conditions.

In the present work, different wastes were compbsbteder controlled conditions with the
following objectives: i) to determine the values@fR-DRI, SRI and RQ related to the composting of
different wastes of different biochemical compasitiii) to study the suitability of these indexes t
monitor the biological activity of the compostingopess; iii) to compare the values of DRI and SRI;

and iv) to study the factors affecting the RQ value



Materialsand Methods

Composted Materials

Four wastes were used in the composting experimBotgce-separated Organic Fraction of Municipal
Solid Waste (OFMSW) amended with vegetal wastesi ftbe municipal composting plant of Sant

Cugat del Valles (Barcelona, Spain); dewatered Bawlge (RS) composed of primary and activated
sludge from the urban wastewater treatment plantafGarriga (Barcelona, Spain); dewatered

Anaerobically Digested Sludge (ADS) from the urbamastewater treatment plant of Granollers

(Barcelona, Spain) and Paper Sludge (PS) from yclest paper manufacturing industry (Zaragoza,
Spain). Table | presents the main characteristiccsomposted materials. In the case of wastewater
sludge (RS and ADS) wood chips from a local camyewere used as bulking agent in a volumetric

ratio 1.1, which was optimal for sludge composti@ga et al., 2003).

Composting Experiments

Composting experiments were undertaken in a 10tdicscomposter (Figure 1). A plastic mesh was

fitted at the bottom of the recipient to suppomt tinaterial and separate it from possible leachates.
Several holes were perforated through the wallghef vessel to permit air movement, leachates
removal and the insertion of different probes. Toenposter was placed on a scale (BACSA mod.

1200) for on-line waste weight monitoring.

Four Pt-100 sensors (Desin mod. SR-NOH) insertediftgrent points inside the 100-L tank
were used for monitoring temperature in the compgstxperiments. Temperature average values are
presented. After aspiration from the sample, oxygad CQ concentration in interstitial air were
monitored with an oxygen sensor (Sensox, SensdBan) and an infrared detector (Sensontran |L.R.,
Sensotran, Spain), respectively. All sensors wermected to a self-made data acquisition system.

Oxygen was controlled by means of a feedback oxygertrol which automatically supplied fresh air



(room temperature) to the reactor by means of w fhoeter (Sensotran mod. MR3A18SVVT) to
maintain an oxygen concentration over 10%.

Moisture content was initially adjusted and maimégi between 40-60% during all the
experiences (adding tap water when necessaryk #ins considered optimal for composting (Haug,

1993).

Monitored Parameters
Oxygen Uptake Rate (OUR) orDynamic Respirometric Index (DRI) was on-line determined using

Equation (1):

F(209-0 :
OUR= ( 2ou) E P 3260 (1)
M [10C RT-DM TOM

where: OUR, oxygen uptake rate (g-®g TOM™.h'); F, air flow into the reactor (L-miit); Ozou
oxygen concentration in the exhaust gases (%, mah@™); M, total mass of waste in the reactor
(kg); P, atmospheric pressure at the elevation @surement (atm); 32, oxygen molecular weight (g
O,-mol G™); 60, conversion factor from minutes to hours:92@ercentage of oxygen in inlet air; R,
ideal gas constant (0.08206 L-atm-thoK™); T, temperature (K); DM, fraction of dry mattef @
parallel sample aliquot (kg DM- Ky TOM, fraction of total organic matter of a paehksample aliquot

in dry basis (kg TOM-kg DM).

Static Respirometric Index (SRI) was off-line determined using a static rempieter based on the
model previously described by lanoti al. (1993) and lanottiet al. (1994) and following the
modifications and recommendations given by the D&partment of Agriculture and U.S. Composting

Council (2001). Briefly, the drop of oxygen contanta flask containing a compost sample was



monitored with an oxygen meter (Lutron 5510, Lut@n. Ltd., Taiwan) connected to a personal
computer (RS232 communication protocol) with a progoftware to register the oxygen values. The
setup included two water baths for carrying out eexpents at two different temperatures
simultaneously. Temperatures assayed were a fiakek wf 37 °C (U.S. Department of Agriculture and
U.S. Composting Council, 2001) and the situ temperature of the composter at the moment of
sampling. Prior to the assays, samples for expatsnat 37 °C were incubated for 18 hours at this
temperature, while samples for experimenthattu temperatures where incubated for 4 hours at such
temperature. During all the incubation period sasplkere aerated with previously humidified air at
the sample temperature. Once the incubation pevaxlifinished, @level was then recorded every 15
seconds for 90 minutes. In all experiments thre@dicates were used. After oxygen measurement, the
total volume of free air space in each sample flask determined. The Static Respirometric Index
(SRI) of the compost sample referred to total oigamatter content was calculated from the slopa in

linear segment on the charg (¥6) versus time using Equation (2).

R = V [P[32[s[60 )
RIT[X DM [TOM

where: SRI, Static Respirometric Index (g ® TOM*-h%); V, volume of air in the flask (L); s, slope
of change in @ percentage per minute divided by 100 (%, melnm®I* min'); X, wet weight of

compost test aliquot (kg).

Respiratory quotient (RQ) was on-line determined using equation (3):

COZ,out

RQ= 200 O, o

(3)



where: RQ, respiratory quotient (dimensionless); g.©carbon dioxide concentration in the exhaust
gases (%); @, Oxygen concentration in the exhaust gases (%), @centage in inlet air was

considered negligible.

Analytical Methods

Moisture, Dry Matter (DM), Total Organic Matter (M), N-Kjeldhal and pH were determined
according to the standard procedures (U.S. DepattofeAgriculture and U.S. Composting Council,
2001). The composter material was manually homagenprior to sampling and the volume of sample

was 1 L to ensure a representative portion of thteral.

Resultsand Discussion

Composting experiments

Composting of different wastes was performed urdetrolled conditions. Relevant parameters of the
composting experiments are presented in Figs. 24 &nd 5 for OFMSW, ADS, RS and PS,
respectively. In the case of OFMSW, ADS and RStiieemophilic range of temperatures was quickly
achieved and maintained for 3-5 days (Figs. 2a,42d, This period was followed by a longer
mesophilic maturation phase, which corresponded ttypical composting temperature profile at
laboratory scale. In the case of PS, the thermigppilase was longer and the air requirements were
higher (Fig. 5a). This was probably due to the cmaion of organic compounds found in paper
sludge, which consists of an easily biodegradablellose fraction and a more recalcitrant fractasn
lignin responsible for the elongation of the contpws process and the possible presence of a

specialized microbial community (Charest et al040



An oxygen based control was used in the compostipgriments. Using this control, oxygen in
the material was maintained under strictly aerabigditions (no oxygen limitation) by adjusting the
flow. As can be seen in Figs. 2b, 3b, 4b and 5gger content in interstitial air was over 10%, @tce
in some sporadic occasions that corresponded t@mmsor failures or sampling. On the other hand,

temperature profiles for all the wastes permitteslttygienization of the material.

Static Respirometric index (SRl)

Respirometric index has been proposed both asdialbactivity indicator and stability index (lariot

et al., 1993; Adani et al., 2000). Among the d#far strategies used for the determination of the
respirometric index, one of the most popular, sergiid low-cost technique is the Static Respirometri
Index (SR, or simply RI), which is carried out-difie by incubating a compost sample and calcujatin
the oxygen consumption. Respirometric index isroffetermined at temperatures ranging from 30 to
37°C (lanotti et al.,, 1993; U.S. Department of Agliure and U.S. Composting Council, 2001,
Lasaridi and Stentiford, 1998), which are adequatepredict compost stability. However, if the
objective is to estimate the biological activity thie composting process in the initial thermophilic
phase, the respirometric index should be determateithe process temperature (Liang et al., 2003;
Mari et al., 2003).

In Figs. 2c, 3c, 4c and 5c, the profiles obtairmmethe determination of SRI for several samples
both at 37°C and process temperature are showte Tiglresents a summary of some of the results
obtained for the SRI and other biological paransetés can be seen, SRI determined at process
temperature was higher than that of 37°C. As ergedifferences between both indexes were more
significant in the thermophilic phase (Table II,xmaum values of SRI) than in the final compost,
when the temperature was close to 37°C (mesoptiase, Table 1l, minimum values of SRI). It is

likely that in the determination of SRI at 37°Ce titnermophilic microorganisms only exhibit a lintite



growth, whereas the mesophilic population is scaiterocess temperature, SRI is determined at the
in situ composting conditions and the microbial populatignesent in the material are fully active. It
was also found that changes in the SRI determine872C during the composting process were
minimal, whereas SRI profiles determined at procesmperature correlated well with process
temperature. On the other hand, the values of $Rk@cess temperature were initially higher for
OFMSW and RS than for ADS and PS (Table Il), whi@s in accordance with the biodegradability of
the wastes and the presence of more labile orgampounds in “fresh” wastes such as OFMSW and
RS.
In conclusion, it can be stated that SRI can bé fmemonitoring the biological activity of the

composting process; however, it should be detemnaiehe same conditions of the process material,
especially temperature. Although the SRI deternonatis usually conducted at mesophilic

temperatures, these values should be exclusively e compost material in the maturation stage.

Oxygen Uptake Rate (OUR)
Microbial respiration is typically expressed as @Qeny Uptake Rate in the biotechnological field.
Although OUR is a general term which does not pspsse any specific conditions in its
determination, in the composting field it is usyateserved for on-line measurements of oxygen
consumption. Indeed, OUR is often referred as DyoaRespirometric Index (DRI) and it is
determined in pilot scale composters with high lewd instrumentation (Adani et al., 2000; Adani et
al., 2001).

In the present study, OUR was on-line determinedtte different wastes studied in several
stages of the composting process. Some representaiues of OUR are shown in Figs. 2c, 3c, 4c and

5c. In general, evolution of OUR was well correthveth the composting activity (temperature) and an
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important decrease in OUR values was observedgltlmiencomposting process. Additionally, when the
different wastes were compared in terms of inl@&JR, values for RS were largely higher (41.38 g
0,-Kg TOM*. h?) than that of ADS (16.45 g4Kg TOM™- k%), according to the high biodegradability
of RS. Both aspects confirmed that OUR can be useful in the monitoring of the biological activity
of the process. However, as OUR determination regu closed reactor and a level of instrumentation
that is not found in most of the composting plaetg. windrow composting), the values of OUR were
compared to those of SRI at process temperatur®©WR is inherently determined at process
temperature. As can be seen in Figs. 2c, 3c, 4Garahd Table Il, values of OUR were much higher
than those of SRI, especially in the initial stagéshe process. These important differences may be
caused by the insufficient oxygen diffusion in &tatamples, which limited biological activity. In
dynamic systems, forced aeration may contributenifigntly to the oxygen supply in all the
biologically active areas of the material. Thessuhs had been previously observed in the
measurement of the biological activity of compaainples by static and dynamic approaches and the
discrepancies between the static and dynamic ihdexbeen quantified (Scaglia et al., 2000; Adani et
al., 2003). Concretely, some authors propose ttetynamic index can be estimated by multiplying
the static index by a factor of 2 (Scaglia et 2000). The differences between the dynamic and the
static index found in our work were, however, momgportant, especially at the initial stages of the
process. For instance, in the case of ADS, RS &dHe dynamic index was approximately 4-5 times
higher than the static index, which could be dua more efficient air supply in the composting teac

or the fact that the majority of referred respirdneeindexes are obtained from samples of mature
compost. OFMSW was the only waste where dynamic datic indexes were similar, which was
probably due to the high level of porosity of thmaterial, and the consequent absence of diffusional

problems.

11



At the final maturation phase, values of OUR and &®Rermined at process temperature and
37°C were relatively similar (Figs. 2c, 3c, 4c au). In this case, it was probable that a reduced
biological activity had become the limiting steptlre oxygen consumption instead of oxygen diffusion
which tended to equilibrate static and dynamic xade From this point of view, OUR (DRI) is the best
biological activity correlating parameter in the ngmosting process, since the SRI at process
temperature provides an underestimated value ofbtblegical activity in the early stages of the
composting process. Nevertheless, the predictedrpatof biological activity seem correct when gsin
both indexes (Figs. 2c, 3c, 4c and 5c).

Finally, it is worthwhile noticing that althoughnperature values are similar for all the wastes
considered, biological activity indexes for eaclstegastudied are significantly different accordingts
organic matter composition. Additionally, temperatus not always useful for monitoring the
biological activity, for instance, large amountsrnoéterial with high thermal inertia may exhibit hig
temperatures when biological activity has ceasemli(i1 1993). This confirms the suitability of these
indexes to monitor the biological activity in thengposting process.

Although some of these results had been previoablerved in the measurement of the
biological activity of compost samples, this is,ar acknowledge, the first work where the différen
approximations to OUR used in the composting fieldmely DRI, SRI at process temperature and
37°C, are compared as biological activity monitorshe whole process of composting of wastes of

different composition.

Respiratory Quotient (RQ)
The microbial respiratory quotient (RQ, moles offbcen dioxide produced per mol of oxygen
consumed) is known to be different when wastesiftérént organic composition are degraded under

aerobic conditions (Atkinson and Mavituna, 1983).deneral, the values of RQ increases as the
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material becomes more oxidized. For instance, ieported that the value of RQ decreases from 0.95
to 0.87 when some fats, a low-oxidized organic malteare mixed with OFMSW (Weppen, 2001). In
Figs. 2b, 3b, 4b and 5b, values of oxygen and cadiaxide contents, and the calculated value of RQ
for the considered wastes are shown. Table Il ptesbe average values of RQ for the studied wastes

Although RQ is commonly used in the biotechnolobftzld usually using pure cultures, it is
rarely determined in composting process. From eaults, it can be seen that only slight differences
were observed when changing a waste. As expecttukes/of RQ for RS (Table 1, 1.00) were lower
than that of ADS (Table I, 1.09) because it isehkthat RS contained more labile non-oxidized
organic compounds. However, the value obtainedieMSW (Table 11, 1.24) is probably higher than
expected, since it is a fresh material. Other astliave reported values of RQ for different wastes
under composting conditions. For instance, valdeR@ for MSW were between the range of 1.02
(Smars et al., 2001) to 0.95 (Weppen, 2001), wisevadues for paper sludge were 0.92 (Atkinson et
al., 1997). Other studies observed slight diffeesnaf RQ when temperature was changed, which was
attributed to the dominance of catabolism or anabolat different temperatures (Nakasaki et al.,
1985). All these values are quite similar to owutes. However, the comparison with these valueg ma
not be possible, since the presence of anaerohiitams is not routinely quantified in the compogt
experiments. The production of methane and sewdralgen oxides emissions during composting has
been extensively studied (He et al., 2001; Beclskat al., 2003). Thus, since part of the matexgad
obviously be anaerobically degraded the resultiQgviRll undergo a dramatic change.

More interesting is the fact that RQ values aretegsiable during composting of different
wastes, even though when there is a transitiond®tva thermophilic and a mesophilic phase (Figs. 2b
3b, 4b and 5b) and the waste composition is chgndihis fact has been confirmed by other studies,
when deviations found in RQ during a compostingcpss are usually below 10% even when aeration

strategies and oxygen control were changed (KlandsPapadimitriou, 2002).
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This seems to indicate that biodegradation of dogaratter in a composting environment may
not be a sequential process, including differegpstwith different microbial communities involved i
a complex structure of organic matter degradatsamjlarly to the anaerobic degradation of organic
matter. It can be hypothesized that organic maggradation in composting is a more straightforward
process, in which communities of microorganismsabl degrade some substrates coexist and are
sustained and the changes in microbial communatieamore gradual. This fact could have important
implications in the future modeling of the compogtprocess.

Another possible explanation might be, nevertheladack of sensibility in the determination
of the RQ, or the presence of not-considered abaeror anoxic zones (He et al., 2001). The
determination of the role of RQ in the compostirgdf will be of course subject of future studies;
however, from the scope of the present work, bhsious that it cannot be used for monitoring the

microbial activity of the process.

Conclusions

From the results obtained, it can be concluded that

1) Oxygen Uptake Rate (Dynamic Respirometric Ingexyided the most suitable values of microbial

activity in a compost environment.

2) Static Respirometric Index measured at procesgpérature, especially in the early stages of the
composting process, was significantly lower tham&nyic Index, which was probably due to oxygen

diffusion limitations in static systems. Both vaduef Static and Dynamic indexes were similar during

the maturation phase.

3) Static Respirometric Index measured at 37°C Idhoot be used with samples obtained during the

thermophilic phase, since it resulted in an undemadion of the respiration values.
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4) Respiratory Quotient presented only slight w&res when changing the process temperature or the
waste considered, and its utility should be retddo ensure aerobic conditions in the composting

matrix or future modeling studies.
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Tables

Tablel: Main characteristics of the composted materials.

Parameter OFMSW ADS RS PS
Moisture (%) 36.1 67.7 72.7 36.7
Dry Matter (%) 63.9 32.3 27.3 63.3
Total Organic Matter (% dry basis) 52.3 52.8 60.4 33.7
N-Kjeldhal (% dry basis) 2.2 2.6 2.5 0.43
C/N ratio 20 8 12 34

pH 6.1 7.6 7.1 7.5
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Tablell: Summary of the results obtained in the monitoohgomposted wastes.

Parameter OFMSW ADS RS PS
RQ (average and standard deviation) 1.24+0.0994008 1.00+0.08 1.17+0.09
Maximum OUR (g @ Kg TOM™- h!) 4.73 16.45 41.38 35.98
Minimum OUR (g Q-Kg TOM™.h%) 0.11 0.79 0.27 1.80
Maximum SRI (T)* (g Q-Kg TOM™- h") 7.64 5.02 11.96 5.61
Minimum SRI (T)* (g Q-Kg TOM*-h) 1.77 1.95 0.23 2.40
Maximum SRI (37°C) (g ©Kg TOM ™. hY) 2.48 3.74 6.68 2.88
Minimum SRI (37°C) (g @ Kg TOM*-hi') 1.05 1.48 1.46 1.11

* determined at composting process temperature
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FigureLegends

Figure 1: Scheme of the composting vessel.

Figure 2: Composting of OFMSW: a) Temperature (continuaas)land Air Flow (dotted line); b)
Oxygen content (continuous line), Carbon dioxidentent (dotted line) and Respiratory Quotient
(circles); c) Oxygen Uptake Rate (circles), St&easpirometric Index at process temperature (tres)gl

and Static Respirometric Index at 37°C (squares).

Figure 3: Composting of ADS. Same legend as Figure 2.

Figure 4: Composting of RS. Same legend as Figure 2.

Figure5: Composting of PS. Same legend as Figure 2.
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