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Abstract

The influence of biochemical composition of diffiereco-substrates added to raw
sludge during co-composting process was studieck plhysical properties of the
composting mass and their influence on the biokdgactivity were also investigated.
Three treatments composed of mixtures of raw slualy® co-substrate (commercial
fats, protein, and cellulose) were carried out emipared to a control composed of raw
sludge. Mixture conditioning was performed on tlasib on air filled porosity (40%).
The results obtained in the co-composting processéiscted a higher biological
activity and higher degradation percentages ofainy organic matter when compared
with control. Higher temperatures (60, 67 and 628€ fats, protein and cellulose
respectively) were also achieved in all co-compgsgxperiments as compared to the
control test (55°C). Biological activity was measdirusing both Static and Dynamic
Respiration Indices obtaining higher values in omposting experiments compared to
the control test. Fats content reduction was higf6%o) at higher fats content in the
initial mixture (10.6%). The addition of fats seealso to promote the degradation of
cellulose and lignin. Co-composting experimentshwiats and cellulose presented
higher initial C/N ratio and lower nitrogen loss€3,.5% and 34.2% compared to 40%
for raw sludge. It has been demonstrated thatddéian of an adequate co-substrate to
raw sludge leads to a higher degradation percemtafiehe different biochemical

fractions and higher nitrogen conservation.

Keywords: Air filled porosity, Biochemical composition, Ca@mposting, Respiration

indices, Sludge.



INTRODUCTION
Composting is a biotechnological process by whidfernt microbial communities
initially degrade organic matter into simpler neits and, in a second stage, complex
organic macromolecules such as humic acids araupeat] forming an organic fertilizer
known as compost (Hsu and Lo, 1999). Compostiranigaerobic process that requires
oxygen for microbial degradation and optimum cadodg of moisture and porosity.
Within the available technologies to recycle orgaswlid wastes, composting is often
presented as a simple and economically-viable gsoce

Temperature, oxygen, and moisture content are oftdacted as the control
variables in the composting process together witierobiochemical, physical and
microbiological properties (Haug, 1993). Biologiaid biochemical indices such as
ATP content, enzyme activity and total bacterialrts, among others (Tiquia, 2005),
are particularly useful since they relate compagstprocess to metabolic activity.
However respirometric methods which determine, @@olution or Q@ consumption
during the degradation process are the most widlsdg (Barrena et al., 2005). The O
demand of the composting matrix at the beginninthefprocess is highly related to the
biological activity at this stage where active mmganisms consume easily
biodegradable matter (Tremier et al., 2005). Bimabactivity and thus @requirement
decrease with composting time reaching stable galdeen the process is developed
under adequate conditions (Adani et al., 2003; &wret al., 2006). Methods based on
O, consumption have been classified into dynamic static protocols (Adani et al.,
2001). Dynamic tests imply continuous oxygen suppliiereas irstatic methods the
decay in Q concentration is determined after the aeratiomtirrupted (Adani et al.,

2006).



When evaluating a material composting potentialnogt physical and chemical
characteristics have to be ensured. Co-compossirdgiined as the addition of a co-
substrate to compensate for deficiencies in thgirai properties of a material (Diaz et
al., 2002). Thus, inadequate C/N ratio, low energgtent or insufficient porosity can
be overcome.

Physical characteristics of the initial mixture atecisive in the composting
process. @ availability for microorganisms should be ensui®d providing enough
porosity (Malinska and Richard, 2006). Porositylviie partially filled with water
which is also necessary for the microbial activitiie ratio between the pore spaces not
occupied by water and the total volume of the mixtis called air filled porosity
(AFP), a critical parameter to optimize mixture pedies in composting processes (Su
et al., 2006). AFP values within 30 and 60% aremanended (Haug, 1993; Annan and
White, 1999). Materials that provide a better dinte to the mixture by increasing its
porosity and AFP (bulking agents) are usually regglito achieve adequate values of
these parameters. Moisture content, porosity, strecand AFP are interrelated and
dependent (Mohee and Mudhoo, 2005). In spite of diigaificance of AFP in the
composting process only few publications reflestiteasurement and evolution along
the composting process.

C/N ratio and biodegradability of organic mattescakhould be considered when
composting is being evaluated as a possible tredtrioe organic waste materials.
Values of C/N ratio within 15-30 are recommendeauli 1993). Lower values will
promote N losses in the form of NHwhile higher values can slow down the
composting process due to the lack of nitrogen uppert microbiological activity.

However, it is important to point that the bioawsdility of nitrogen and carbon should



be considered in the calculation of the C/N rafithile nitrogen present in the majority
of wastes is mainly found in biodegradable forn@pbon can be present in recalcitrant
form (Komilis, 2006; Sanchez, 2007; Zhang et ab04). The proportion of readily,
moderately and slowly biodegradable organic matikrinfluence the process kinetics.
pH also affects N losses by influencing the ;N¥H;" equilibrium in spite of its direct
influence on biological activity (Liang et al., 2800 Co-composting materials with
complementary C/N ratios can help to reduce nimolyesses or to prevent process
kinetics alteration (Diaz et al., 2002).

The biochemical energy content of the material iéheffect on temperature rise
has to be considered when pathogen inactivationlsné® be ensured. International
requirements mandate that temperatures over 55°G fperiod of two weeks and
turning is needed to ensure the pathogen inaaiivayS Environmental Protection
Agency, 1995). High energy containing materialshsas fat-rich wastes can be used as
co-substrates when the composting material failsreach the required pathogen
inactivation temperatures (Gea et al., 2006a).l@mother hand, temperature influences
the microbial population present at each stagehef process. High temperatures
maintained for prolonged periods of time seem tonmte the degradation of some
compounds which under normal conditions of tempeeaare slowly biodegradable or
recalcitrant (Manios et al., 2006).

The aim of this study is to ascertain whether thene any differences between
composting raw sludge with different pure biocheahmo-substrates (fats, protein and
cellulose) and composting of sludge with no co-sals, in terms of process evolution,
degradation of the different biochemical fractiamghe composting material, pathogen

inactivation potential, nutrient conservation andldgical activity improvement. Raw



sludge has been chosen as basic waste becausa widely studied residue in the
composting field. In addition, AFP has been usedhaskey parameter in the initial
mixture preparation instead of the traditional desi bulking agent volumetric
proportion. To our knowledge, this is the firstdstuconducted with pure composition
co-substrates which includes the evolution oftel above parameters at the same time,
since most of the composting works are based omttr@toring of one or few of these
parameters (Alburquerque et al., 2006a; Baddi et 2004; Paredes et al., 2002;
Saviozzi et al., 2004). The final goal of the presgork is to assess the convenience of
using residual materials rich in one of the commisi€onsidered as co-substrates for

sludge composting.

2 MATERIALSAND METHODS

21  Composting materials

Dewatered raw sludge (RS), consisting of primarg aativated sludge obtained from
the municipal wastewater treatment plant of Satiufke Codines (Barcelona, Spain),
was used as substrate for composting experimerdas1 bharacteristics of the RS are
summarized in Table 1. Raw sludge was obtainegdoh experiment directly from the
wastewater treatment plant (WWTP) avoiding anyager Differences in raw sludge
composition at the output of the treatment plantenabserved (Table 1) due to the
intrinsic nature of this residue.

As co-substrates added to RS three different nagenere used: animal fats (fats
content over 99%) obtained from a cow slaughterbo(&g Debo Fancy, KAO
Corporation S.A., Spain), commercial peptone fr@asein (78.4%) as source of protein

(Scharlau Chemie Microbiology, Spain), and comnargaper paste as source of



cellulose (over 99% in cellulose). Wood chips (Wf&m a local carpentry were used
as bulking agent ground to 1-5 mm particle size.

The mixtures for the co-composting experiments wprepared by adding
different quantities of co-substrate to RS and stit)g air filled porosity (AFP) to 40%
(Annan and White, 1999). This parameter was usstéaa of the volumetric ratio to
prepare the mixtures. Three mixtures, raw sludge whe three pure co-substrates,
resulted in different physical structures. Thudfedent amounts of wood chips (not
registered) was required in each case to obtairsdnge initial AFP. Nevertheless, in
previous experiments it have been observed thatdwaddops of this size are not
biodegraded under laboratory composting conditi@ea et al., 2003). A control
experiment with raw sludge was also conducted todmepared with the co-composting
tests. The mixtures were prepared with differentemal quantities (wet basis) as
follows:

Control experiment (C): RS + WC

Co-composting with fats (C-F): RS (14.56 kg) + Hat%6 kg) + WC
Co-composting with protein (C-P): RS (15.71 kg)retein (0.88 kg) + WC
Co-composting with cellulose (C-C): RS (13.00 kg ellulose (1.05 kg) + WC

Initial characteristics of the above mixtures ag¢aded in tables 2, 3, 4 and 5. As
can be observed in these tables, initial AFP, lddksity and moisture content were
within the range of appropriate values for compagst{Haug, 1993). The percentages of
co-substrates (fats, protein and cellulose) wemnifstantly different for each
experiment except in the case of protein. Initiabtpin content in the control
experiment and the co-composting experiment wittgon added were very similar due

to the variability in raw sludge composition (sesble 1).



2.2  Experimental Set Up

Experiments were undertaken in a 25 L insulated seaded stainless steal cylindrical
reactor (D=25cm, h=50cm, Cemifle® foam (Cemiflex Spain) insulation) in which

process conditions can be controlled. The reacts placed on a scale (M60, Sertec
pesage, Spain) for weight monitoring. Two holesenmiade at the lid of the reactor: to
insert the temperature prove at the centre an@dster the outgoing gases. Another
hole was placed at the bottom of the reactor tofitege the inlet air.

On line parameters recorded were: (&) and CQ (%) in interstitial air, material
weight and process temperature. Gas content ajutgoing gases was measured using
an G sensor (Sensox 6C, Sensotran, Spain) and air@@red detector (Sensotran IR,
Sensotran, Spain). Both sensors were placed netktetmutgoing gases exit. One Pt
sensor (SR-NOH, Desin, Spain) inserted at the eeatrthe reactor was used for
temperature monitoring. A self made data acquisifi@rsonal computer system was
used to record the three signals.

A continuous air flow was supplied homogeneouslihiem composting mass using
a plastic mesh from the bottom of the reactor adgusted with a flow meter
(MR3A18SVVT, Sensotran, Spain) to maintain oxygenagntration higher than 11%.
Inlet air flow was manually adjusted on the badioxygen concentration within the
range 0.1 and 0.6 L-mifnkg" dry matter. Moisture content was analyzed to ensur
optimal conditions (40 — 60%, Haug 1993). In thesperiments no water addition was

required.



2.3  Sampling procedure

Three samples of 2L material were used during eageriment for analysis. The first
sample was taken from the initial mixture, the setwas taken during the thermophilic
temperature peak and a third one was obtained froah material at the end of the
process. The sample taken during the thermophliase was withdrawn from the
central part of the composting mass in the reaafier removing the upper part which
was immediately returned to the reactor after sarmgpl Sampling during the

thermophilic phase was carefully done to mainth& ghysical structure of the material

sampled in order to obtain a representative meaduk&P and to avoid any alteration.

24  Analytical Methods
Analytical Methods
Fats content (FC) was measured using a standafdesawethod (U.S. Environmental
Protection Agency, 1998) using n-heptane as orgaoieent (99% purity, Panreac,
Spain). Additional parameters as Moisture ContdC), Dry Matter (DM), Total
Organic Matter (OM), N-Kjeldhal, Electrical Condiwty (EC), N-NH,, Bulk density
and pH were determined according to the standandepures (U.S. Department of
Agriculture and U.S. Composting Council, 2001).

Carbon (%), nitrogen (%), protein (%), hemicelldo®b6) and cellulose+lignin
(%) content were determined from a liophilizatechpke (dry matter). Determination of
carbon and nitrogen was undertaken by elementalysia and the protein content was
derived from these data multiplying organic nitmageontent by 6.25. Hemicellulose
and cellulose+lignin content were determined follggvwWan Soest methodology (Van

Soest and McQueen, 1973).



Air filled porosity

Air filled porosity, also referred in literature &see Air Space, is expressed as the ratio
of gas filled pore volume of the sampleg(\o total sample volume ¢/ AFP was
measured using a self made constant volume air goyeter according to the
description of Annan and White (1999) and Oppenkeiet al. (1996) with an effective
sample chamber volume {Vof 1.65 L and using an initial pressure of 5 b&ther
works point that AFP measured at high initial ppessncludes both free air space and
intra-particle voids, the latest not available forcroorganisms (Agnew and Leonard,

2002; Su et al., 2006).

Satic Respiration Index

Static Respiration Index (SRI) was determined stadic respirometer according to the
original model described by lanotti et al. (1998 dollowing the modifications and

recommendations given by the U.S. Department ofichgure and U.S. Composting

Council (2001). Assays were run at process temyeratt the moment of sampling. A
complete description of the equipment and proceugeven elsewhere (Barrena et al.,
2005). Three replicates were used in each case (meansvalgepresented). SRI is

expressed as g,kg OM™- h™.

Dynamic Respiration Index

Dynamic Respiration Index, DRI, was on-line deteraai using Equation (1):

F(20.9-O,,,) P-32:60
M-10C  R-T-DM-ON

DRI =

(1)

10



where: DRI is the Dynamic Respiration Index (g kg OM™-h%); F, the air flow into
the reactor (L-min); O,ou the oxygen concentration in the exhaust gasesn{es,
0,-mol?); M, the total mass of waste in the reactor (Ry)the atmospheric pressure at
the elevation of measurement (atm); 32, the oxygetecular weight (g ®mol Q™);
60, the conversion factor from minutes to hours92the percentage of oxygen in inlet
air; R, the ideal gas constant (0.08206 L-atm-mot); T, temperature (K); DM, the
fraction of dry matter of a parallel sample aliq@ag DM-kg*) and OM, the fraction of

total organic matter of a parallel sample aliquodiy basis (kg OM-kg DW).

2.5. Data analysis
Statistical significance of values obtained forfetiént parameters reductions shown in
Figure 2 for the four composting experiments wagi@a& out by means of F-test

(variance analysis) and t-Student test (mean aisallysth at 5% level of probability.

3. RESULTSAND DISCUSSION

3.1 Control experiment (C)

This experiment was carried out as a blank test@substrate added to the sludge) for
the three co-composting processes run subsequéingiyre 1a shows the temperature,
SRI and DRI profiles obtained for experiment C. @& be observed, profiles show
how an easily biodegradable material, such as R§usdely conditioned (AFP, MC) is
degraded and stabilized in a short period of tinkaug, 1993). A maximum
temperature of 55°C was achieved within days 24aafiprocess. DRI and temperature

show similar profiles, which is typical of a compiag process. Maximum values of

11



DRI were registered at day 2 (2.7 -k OM™Hh?) coinciding with maximum
temperature values. SRI of the sample taken duhegthermophilic peak was 2.9 g
0,-kg OM™H'. SRI and DRI are indirect measures of the biolaigictivity in a
material. SRI indicates the biological potentiativaty of the material under study,
ensuring a controlled and homogeneous aerationedisas adequate moisture. DRI,
also known as OUR (Oxygen Uptake Rate), measumditblogical activity of the
composting material in situ, under operation caodg, indicating the real biological
activity developed in the composting process (Ged. £2006b). Values of DRI close to
values of SRI indicate that the composting processirs under adequate conditions for
microbial activity.Values obtained for DRI in experiment C were velgse to those
for SRI in the samples analyzed indicating thatdabmposting process was developed
under adequate conditions for biological decompmsitFinal values of SRI and DRI
indicate the stabilization of the material durifge tcomposting process (Adani et al.,
2003).

Main results obtained for the different chemicald aphysical properties in
experiment C are shown in Table 2. Overall redusticalculated for the main
parameters are summarized in Table 6. Nitrogeneoomf the initial mixture was high
(3.4%), because of RS properties (Table 1). Assaltiean initial C/N ratio of 11 was
obtained which is below the optimum suggested @b6f8r most types of waste in
composting processes (Haug, 1993). This might Ipgemoted nitrogen losses mainly
in the form of NH in the exhaust gases. In fact, nitrogen contenthef mixture
decreased during the process as N;Nddncentration increased. According to this
increment, a rise in pH values was also observetlogén losses were of 40% and

occurred mainly at the beginning of the thermophgeriod of temperature as can be
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calculated from initial and thermophilic phase ogen percentages in Table 2. In other
studies, nitrogen losses were shown to be relatéibh temperatures and air flow rates
during the first days of the process (Pagans g2@06).

Protein in the mixture decreased (40%) during thecgss as expected for an
easily biodegradable compound in a biological dqmusition process such as
composting. The reduction on fats content was l0{@8€6) according to the relative
biodegradability of these compounds. No changeseitulose+lignin content were
detected during the control experiment while hefhitesse decreased by 11%. Other
studies have shown that hemicellulose and lignjuire longer composting periods for
levels to be reduced significantly (Charest et2004).

AFP and wet bulk density followed reverse patte®iSP decreased during the
thermophilic period and increased at the end of gheress (34%) while wet bulk
density increased and finally decreased to a vefu@58 kg-L* (Table 2) similar to
initial values. This fact can be attributed to angamatter degradation and moisture
losses. Correlations within AFP, wet and dry budlasity and moisture content have
been previously reported (Agnew and Leonard, 20@2hee and Mudhoo, 2005).
Material compaction was also observed with a 17%me reduction of the material in
the reactor during the thermophilic phase, whicluldceexplain the initial increase in

bulk density.

3.2  Co-composting with fats (C-F)
This experiment was carried out with commerciahaalifats added to RS. Figure 1b
shows the temperature, SRI and DRI profiles obthifoe C-F. It was not possible to

calculate DRI values from day 7 to the end of theposting process due to a failure of

13



the @ sensor. Maximum temperature achieved was 62°Cciclmg with the highest
values registered for DRI (over 6 g-® OM™-h'). The value obtained for SRI from
the sample taken during the thermophilic period wasQ-kg OM*-h, similar to DRI
values at that moment. The two values of the raipir indices were clearly higher
than the values obtained in the control experinterg to the higher energetic content
provided by the addition of fats. Values of DRI aexy similar to values of SRI as
occurred in experiment C, demonstrating again éxaeriment C-F took place under
adequate conditions for biological activity.

Experiment C-F presented a high temperature valdlee maturation phase. This
fact can be related to the high energetic contedtsdow biodegradability of fats which
provoke heat release for a long period of time g higher temperatures sustenance.
This behavior has been previously observed whemposting fat or oil enriched wastes
(Alburquerque et al., 2006b; Manios et al., 200d)e percentage of fats added to the
composting mixture in those works and the scal¢hefexperiments led to different
thermophilic phase duration. Studies have showhahagh degradation of fats (up to
80%) could be achieved in the co-composting pro¢essius and Lau, 2002; Garcia-
Gbmez et al., 2003). In Table 6 the reductionshanrhain parameters are presented as
percentages. The fats content was reduced in aiB&&%periment C-F. In contrast a
28% reduction was observed in experiment C. ltossgble that fats originally present
in sludge contain a recalcitrant fraction of norodagradable lipidic substances.
Réveillé et al. (2003) found a fraction of lipideagped in the humic matrix of
composted sludge. To confirm this hypothesis a il@éetachemical composition of

sludge related to the lipidic substances woulddmessary.
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The use of fats, which are a carbon source, asilostsmte improved the C/N ratio
from 11 (control) to 18, which clearly resultedarigh nitrogen conservation. Nitrogen
content in C-F was reduced by 28% of the initiahNhe composting mixture while in
experiment C this value was a 40% (Figure 2). A Srédduction of hemicellulose
content was half of the hemicellulose reductiondrperiment C. On the other hand, a
12% reduction of cellulose + lignin content waseed in C-F experiment which was
probably due to the higher temperatures and mialdaitivity maintained during the
entire process. The co-metabolism of these commobydhe microbial communities
that grow in this process has been pointed befddanios et al., 2006). The
improvement on fats and other organic materialsatigion at high contents of fats (up
to 50%) in the initial mixture has also been repdrfNakasaki et al., 2004).

The addition of fats to a composting mass is recenurd in case of low
energetic content of the material to be treate@dioieve and maintain thermophilic
temperatures. It is also recommended in case dboadack to balance the initial C/N
ratio and to improve the degradation of some slowigdegradable components.
However, if fats of animal origin are added to #@mposting process to improve
material biodegradation legal requirements for ahiby-products composting should
be considered. In European Union, the Regulatioi42002 of the European
Parliament and of the Council (European Union, 2@ivdes animal by-products into
different groups attending their potential risks fimman health and establishes suitable
treatments for each group. Animal residues thatamartain prion proteins responsible
for bovine spongiform encephalopathy (BSE) aresii@sl into category 1 (high risk),
while category 3 includes animal by-products fromatand fish preparation for human

consumption (low risk). As low risk materials, hses in category 3 can be treated by
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composting. However specific requirements for makehygienization should be
accomplished in those cases, a temperature of 31080ld be maintained for at least 1
hour. The present experiment does not fulfill thesquirements as the maximum
temperature achieved was 62°C. However, an incremehe percentage of fats added
can lead to higher temperatures in the thermoplpédod (Gea et al., 2006a). In
addition, experiences with other materials at itlais scale demonstrate that the
temperatures achieved are higher than those regjistd laboratory scale. Although
composting of risk animal by-products is not petetit there are some works about the
effectiveness of thermophilic bacteria to degratbecamal prion protein present in
animal tissues (Huang et al., 2007). Suzuki et28l06) pointed that the degradation of
prion proteins not always leads to their inactivatand to reduce their infectivity.

On the other hand, animal fats can be substituedts of vegetal origin as those
produced as wastes in the olive oil extraction esso(Manios et al., 2006; Roig et al.,
2006).

pH values increased during the experiment frorméral value of 6.7 (lower than
C) to a final value of 8.42. This increment cortetawell with the increase detected in
N-NH, concentration which rises from an initial valuedod4 mg NH- g* of dry matter
to a final value of 1.39 mg NHg™.

AFP and wet bulk density followed the same pattadoeerved in experiment C
with a highest final value of AFP (56%) probablyedio the high degradation of fats
observed. AFP decreases during the thermophilisgpaobably due to the melting of
the fats and the formation of liquefied fats causgdthe high temperatures in the
composting vessel. The liquefied fats occupied pérthe air filled porosity in the

mixture. Also, an 11% reduction in the volume ok tbomposting mixture was
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registered in the first stage in experiment C-Fe dkgradation of fats and other organic

compounds lead to a final increase of AFP.

3.3  Co-composting with protein (C-P)

Figure 1c shows the temperature, SRI and DRI m®fibbtained for C-P. Main
characteristics of the initial mixture and the teswobtained for the different chemical
and physical properties of C-P are shown in Tabl&gican be observed, the protein
content of the mixture with the added protein wasparable to that of experiment C
(control). This can be due to the intrinsic varidpiof the initial properties of the
sludge used.

SRI maximum value measured (3 g Ky OM*-h') was very similar to the value
obtained in the control experiment. Initial valueSRI was slightly higher in C-P than
in C. Also values for DRI were higher in C-P thanG (indicating a higher composting
potential for the C-P mixture). This observatiorsigported by the temperature profile
as the maximum temperature achieved in C-P (67°&) gher than the maximum
observed in C and was maintained for a longer gderids observed in control
experiment SRI and DRI values were very similaigating appropriate conditions for
microbial activity.

Fats, protein and hemicellulose degradation isr@bsgealong the process. As can
be seen in Figure 2, reductions of those comporaetsespectively 55%, 55.8% and
21.9%. Cellulose and lignin levels did not changerdy the decomposition process.

In spite of the fact that C/N ratio and initialnegen content in experiments C and
C-P were very similar, higher nitrogen losses (%5.8f the initial nitrogen in the

mixture) were detected in C-P. This fact can bateel to the biological availability of
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the nitrogen originally present in the sludge whigtlsupposed to be lower than that of
the nitrogen directly added in form of peptone (&awet al., 2003). Thus, protein based
residues can be used to balance C/N ratio of rétratgficient materials. Protein wastes
can also improve biological activity and thus tenapres reached.

pH and conductivity values registered during experit C-P were the highest
compared with the rest of the experiments. Thesgesacorrelate with N-Nldcontent
of the mixture that was also the highest as caexipected from initial C/N ratio and N
concentration.

AFP and wet bulk density for C-P followed a simitattern as compared to the
control experiment where the highest AFP (60%) kaal lowest reduction in the

composting mass volume.

34  Co-composting with cellulose (C-C)

Figure 1d shows the temperature, SRl and DRI m®fdbtained for C-C. Initial and
maximum SRI values (3 and 5 g-®g OM*-h' respectively) were higher than those
for the control experiment. This fact is probablyedo the differences in the physical
structure of the initial mixture in spite of maiimig the same value of AFP. In fact, it
was noticed that the paper paste added to theeskactgd not only as a co-substrate but
also as a bulking agent, increasing the availabldase area and improving the
microorganism’s activity. In previous works, sludigem the paper industry has been
successfully composted without the addition of mdkagent due to the physical
structure of this paper derived waste (Gea et2805). Maximum value obtained for
both SRI and DRI was around 5 g-&y OM*-h*. This was reached within days 2 and

4 of process coinciding with the maximum tempe{(@2°C).
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Main results obtained for different chemical and/gbal properties in C-C are
shown in Table 5. As paper paste added acts agreesof carbon, the initial C/N ratio
increased slightly (14.5) respect to control. Ng&p losses (Figure 2) were 35.5%,
slightly lower than in control (40%). A decreasefats (34.8%), protein (35.5%) and
hemicellulose (17.7%) content in the mixture wasesbed while the amount of
cellulose and lignin did not change significantly.

An increment in the pH was also observed in thgeas was the increment in N-
NH,4 concentration.

As in the control experiment, AFP and wet bulk digngaried inversely during

the composting process. A 16% material volume reolnievas registered.

35 Experiments comparison
Temperature profiles presented in Figure 1 provdear evidence that higher
temperatures were obtained in all co-compostingeexgents (C-F, C-P and C-C) as
compared to the single sludge composting processI{s shows that the addition of a
biodegradable co-substrate has a positive effectthen composting experiments
especially for pathogen reduction purposes. Patheogduction should be ensured by
means of adequate time and temperature combini&tios final material obtained from
the composting process has to be applied to seia (& al., 2007). Co-substrates added
to low energy materials may be adopted as a saolutidulfill legislation requirements
in these cases. C-P was the experiment showinghéémum temperature (67°C) and
during which high temperature was maintained longer

Addition of a co-substrate resulted in higher minab activity and this

observation was supported by the respiration isd{@RI| and SRI). Values for initial
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SRI were higher in experiments C-F and C-C thafiand C-P. Also SRI values at
thermophilic range were higher for C-F and C-C,levl@ and C-P presented a similar
value. This fact was corroborated by DRI valuesvitiich C-F experiment presented
the highest values in the thermophilic phase foldvy C-C. It is important to notice
that the initial value obtained for SRI is a goadicator for the material’s proneness to
degradation in an aerobic decomposition processoagosting. The similarity in the
values of SRI and DRI in the points where both wereasured has also to be
highlighted. Similar values of DRI and SRI indicaidequate composting conditions for
biological activity development. This fact demoasts the importance of an adequate
initial conditioning of the composting mixture. ur case, initial conditioning was
done by means of an optimum AFP value that ensamesdequate Lavailability for
microorganisms which is crucial in an aerobic deposition process such as
composting. Lack of sufficient Qvould promote anaerobic degradation.

Final SRI values were lower than 0.5 g ki OM*-h', and indicator of compost
stability, in all the experiments except for C-Chefe is no general consensus in the
value of the respiration indices that ensures camngi@ability. However, a value of 0.4-
0.5 g Q-kg OM*H* for SRI has been proposed by different authors lagi$lation
(Adani et al., 2002; Adani et al., 2003; lannotakt 1993).

As stated previously, Figure 2 shows the main t&dlctions (%) obtained in all
the experiments. Weight, DM, OM and C reductionsenggnificantly higher in all co-
composting experiments than in control experimescept for C-P dry matter
reduction. Therefore, co-composting is a more iffitprocess than sludge composting

process.
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In relation to the reduction percentages of théedeht biochemical fractions, fats
content reduction obtained in C-F was the high@éstcorrelation has been found
(p<0.01) between the amount of fats initially prése the composting mixture and the
amount of fats degraded during the process, indigdhat an increment in fats content
will lead to an increment in fats degradation. @e bther hand, protein reduction was
also higher in C-P where commercial protein wasedddAlthough a mathematical
correlation could not be established in this casdear tendency is observed relating to
the increment in the degradation of both fats amdein when their percentage in the
composting mixture increases. This fact may indicdtat microbial communities
present are stimulated by a particular substrateig€@rova et al., 2005).

The reduction of hemicellulose fraction was mucphler for C-P and C-C than
for control and C-F. Degradation of cellulose -niigfraction was only detected in C-F
experiment where a 12% reduction was obtained Ha fraction. As stated above,
Manios et al. (2006) reported the degradation dillose and lignin in composting
experiments with oil enriched wastes and attributes fact to the high temperatures
achieved and maintained for long periods of tinmeolir case, C-F experiment shows
the higher temperatures in the mesophilic phasat Tdct can enhance cellulose and
lignin degradation.

The addition of a co-substrate as C source (C-FGu@l experiments) partially
compensates the low C/N ratio of the sludge andcmeeds the nitrogen conservation
(significantly lower nitrogen reduction percentagesresented in Figure 2).

In all experiments a compactation of the organid¢rixavas observed in the first
days of composting with volume reductions fromialito thermophilic phase of 17%

(©), 11% (C-F), 6% (C-P) and 16% (C-C). Materialngaction provoked an AFP
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reduction in most of the cases. Afterwards, AFPuesl recovered once the
biodegradation of organic matter progressed withthénges in the matrix volume.
Final AFP was higher than initial AFP for the 3@amposting experiments but this was
not observed in C. This fact can be related tohilgaer percentages of organic matter

degradation obtained in the co-composting experisen

CONCLUSIONS

The co-composting process of raw sludge with deffiér co-substrates presents
important differences compared to the compostingcgss of raw sludge. Some
advantages should be highlighted as the increass@drobiological activity (observed
in the values of SRI and DRI) and pathogen redaqgtimtential of the material.

Values of DRI were very close to values of SRI @ading that the composting
process took place under adequate conditions ébodical activity.

As demonstrated by DRI and SRI values, AFP is &ss&ary parameter to adjust
physical properties of the initial mixture.

Higher degradation percentages were obtained deorgbmposting experiments
for weight, dry matter and organic matter contest @mpared to raw sludge
composting. Addition of fats resulted in high fdegradation percentages and promoted
the reduction of recalcitrant compounds as lignin.

Adding co-substrates to the sludge as carbon ssumsghanced nitrogen

conservation in the treated materials.
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Captionsto Figures

Figure 1. a) Composting of Sludge (C), b) Co-compostinghifdge and Fats (C-F), c)
Co-composting of Sludge and Proteins (C-P) and abc@nposting of Sludge and

Cellulose (C-C).

Figure 2. Total reductions obtained for the main parametersthe different

experiments. Different letters show statisticalngfigance of the differences observed

for reduction values of each property.
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Tables

Table 1. Main characteristics of raw sludge (RS)

Property Mean value
Moisture Content (%) 85.4+2.7
Dry Matter (%) 14.6x2.7
Organic Matter (% dry basis) 73.419.1
N (% dry basis) 7.7£0.9
C/IN 4.9+1.1
pH 7.0+0.7
Conductivity (mS crif) 2.5+1

Air filled porosity (%) 3.6
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Table 2: Experiment C, Sludge Composting.

Property Initial Thermophilic Phase Final
Weight (kg) 12.9 12.8 10.2
Moisture Content (%) 50.2+0.8 47.4+0.1 44.1+0.8
Dry Matter (%) 49.8+0.8 52.7+0.1 55.9+0.8
Organic Matter (%) 74.4+£1.5 72.91£0.5 71.11£0.1
C (%) 38.12+0.66 39.88+0.93 39.11+0.1
N (%) 3.40+0.13 2.17+0.14 2.30+0.14
C/N 11.22 18.41 17.02
Fats content (%) 2.90+0.13 2.99+0.05 2.32+0.01
Protein (%) 21.24+0.82  13.54+0.87 14.38+0.88
Hemicellulose (%) 16.34+3.44  17.90+8.16 17.00+2.48
Cellulose + Lignin (%) 31.59+1.69  36.02+4.61 43.78£1.13
AFP (%, viv) 44.5+1.4 25.2+1.4 34.4+0.1
Bulk density (kg- [*) 0.58 0.65 0.58

pH 7.22+0.04 8.23+0.29 8.86+0.08
N-NH. (mg- g% 0.02+0.00 0.20+0.07 0.20+0.01
Conductivity (mS crit)  2.65+0.40 3.60%0.72 5.01+0.34

% in dry basis, except for Weight, Moisture Contamnd Dry Matter, wet basis.
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Table 3: C-F, Sludge and Fats Co-composting.

Property Initial Thermophilic Phase Final
Weight (kg) 11.75 11.55 8.85
Moisture Content (%) 58.840.1 59+0.03 56+0.8
Dry Matter (%) 41.240.1 41+0.03 44+0.8
Organic Matter (%) 74.2+0.1 74.0£0.0 69.81£0.1
C (%) 44.45+0.21 47.50+0.28 45.45+0.49
N (%) 2.48+0.05 2.45+0.05 2.23+0.10
C/N 17.92 19.38 20.36
Fats content (%) 10.61+0.37 7.34+0.02 4.49x+0.57
Protein (%) 15.50+0.29  15.32+0.31 13.95+0.60
Hemicellulose (%) 13.50+0.78  14.20+1.68 15.53+0.63
Cellulose + Lignin (%) 44.87+0.75  47.96%0.54 49.10+£0.21
AFP (%, viv) 39.93+2.11 27.96+2.11 56.04+2.11
Bulk density (kg- [*) 0.62 0.69 0.61

pH 6.7+0.01 7.2+0.02 8.42+0.31
N-NH. (mg- g% 0.44+0.04 1.41+0.06 1.39+0.05
Conductivity (mS crit) 2.74+0.01 2.94+0.08 2.71+0.10

% in dry basis, except for Weight, Moisture Contamnd Dry Matter, wet basis.

Sustenance
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Table 4: C-P, Sludge and Protein Co-composting.

Property Initial Thermophilic Phase Final
Weight (kg) 14.40 14.25 10.25
Moisture Content (%) 66.46%2.2 63+0.4 59+0.8
Dry Matter (%) 33.5+2.2 37.0+0.4 41.0+0.8
Organic Matter (%) 73.91£0.5 63.91£2.8 58.6+1.3
C (%) 43.45+0.64 42.55+0.35 42.90+0.57
N (%) 3.38+0.17 2.16+0.03 1.73+0.08
C/N 12.85 19.71 24.85
Fats content (%) 4.66+0.04 2.90+0.69 2.43+0.40
Protein (%) 21.13+1.06 13.50+0.16 10.79+0.49
Hemicellulose (%) 14.85+0.30 15.91+1.90 13.53+0.65
Cellulose + Lignin (%) 42.52+0.21  50.25+0.70 56.76+0.09
AFP (%, viv) 37.63+4.98 39.47+1.59 60.64+0.80
Bulk density (kg- [*) 0.68 0.52 0.59

pH 8.0+0.4 8.8+0.6 9.4+0.0
N-NH. (mg- g% 0.9+0.04 1.84+0.06 1.59+0.05
Conductivity (mS crit) 5.68+0.41 6.05+0.96 4.53+0.59

% in dry basis, except for Weight, Moisture Contand Dry Matter, wet basis.
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Table5: C-C, Sludge and Cellulose Co-composting.

Property Initial Thermophilic Phase Final
Weight (kg) 13.90 13.90 10.60
Moisture Content (%) 69.92+1.7 66.89+0.03 66.8+0.9
Dry Matter (%) 30.1+1.7 33.1+0.0 33.240.9
Organic Matter (%) 71.4+0.0 62.4+0.0 60.5+£0.0
C (%) 38.20+0.14 37.40+0.42 39.15+0.07
N (%) 2.63+0.04 2.12+0.08 2.04+0.05
C/N 14.55 17.60 19.20
Fats content (%) 4.12+0.37 3.47+0.18 3.22+0.20
Protein (%) 16.41+0.27 13.28+0.48 12.74+0.32
Hemicellulose (%) 13.74+0.88 12.37+2.35 13.72+1.00

Cellulose + Lignin (%) 38.18+0.23  43.35+0.68 43.44+0.65

AFP (%, V/V) 4591+1.38  35.79+0.80 56.04+2.11
Bulk density (kg- [*) 0.58 0.65 0.63

pH 7.2+0.1 9.2+0.1 9.120.0
N-NH, (mg-g") 0.32+0.00 1.25+0.03 1.39+0.05
Conductivity (mS crit) 2.36+0.20 3.37+0.47 3.40+£0.42

% in dry basis, except for Weight, Moisture Contand Dry Matter, wet basis.





