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a b s t r a c t

Olive mill sludge (OMS), a by-product resulting from natural evaporation of olive oil processing effluent,
poses a major environmental threat. A current cost-effective practice of OMS management is composting.
A mixture of OMS (60%) with poultry manure (PM) was successfully composted for 210 days. During the
process, effluents of olive oil mill and confectionary were used to keep moisture at optimal level (40–60%).
Biological indicators reflecting stability of the compost (microbial biota respiration and enumeration, and
germination index) were analysed for the assessment of the product quality. The composted mixture
showed a high microbial activity with a succession of microbial populations depending on the temper-
ature reached during the biodegradation. The pathogen content from PM decreased with composting as
did phytotoxic compounds. Phenols and lipids were reduced, respectively, by 40% and 84% while germina-
iological activities
ygienization

tion index increased with composting progress. Fourier transform infrared (FTIR) spectroscopic analysis
revealed that the final compost improved the aromatic content compared to the starting materials, with a
decrease in aliphatic groups and a reduction in the easily assimilated components by the microflora act-
ing during the biological process. The final compost was characterized by relatively high organic matter
content (26.21%), a low C/N ratio (16.21), an alkaline pH (8.32), a relatively high electrical conductivity

vel o
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(9.21 mS/cm) and a high le
210 days of composting, s

. Introduction

Olive mill wastewater (OMW) is a notorious pollutant of both
errestrial and aquatic ecosystems in the Mediterranean region
1–3]. OMW is a dark, turbid and acidic effluent (pH 4.5–5.5), with

n excessive high organic load. It also includes high levels of phy-
otoxic and microbial inhibitor compounds, such as phenolic and
ong-chain fatty acids. This effluent displays antibacterial proper-
ies, inhibits seed germination and is phytotoxic [1,4,5].

Abbreviations: OMW, olive mill wastewater; COD, chemical oxygen demand;
MS, olive mill sludge; PM, poultry manure; CFU, colony forming units; EC, electrical
onductivity; C/N, carbon to nitrogen ratio; OM, organic matter; NT, total nitrogen;
org, organic carbon; COT, total organic carbon; GI, germination index; WSPH, water-
oluble phenols; FTIR, Fourier transform infrared.
∗ Corresponding author. Tel.: +216 98 41 23 64; fax: +216 74 27 55 95.

E-mail address: ammarenis@yahoo.fr (E. Ammar).
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f nutrients. The germination index for Lepidium sativum L. was 87.71% after
g that the final compost was not phytotoxic.

© 2008 Elsevier B.V. All rights reserved.

In Tunisia, the main OMW management practice regulated and
dopted by the majority of olive oil industries is its storage in
vaporation ponds. This disposal way could be considered as a
iological–natural treatment, where high evaporation rates pre-
ailing during the summer period lead to sludge. Nevertheless, this
ethod does not alleviate the high COD or toxicity of OMW since

arge quantities of unstabilised sludge are produced [6]. The treat-
ent of olive mill sludge (OMS) is becoming a relevant problem

n olive oil producing countries [7]. Indeed, due to evaporation,
olyphenols and dissolved minerals are concentrated in OMS and
an have a negative impact on the performance of the sludge
reatment [8]. Paredes et al. and Sellami et al. [9,10] studied the
omposting process of OMW sludge with agrofood wastes and con-

luded a complete phytotoxicity removal in the compost/stabilised
roduct. Vitolo et al. [8] proposed the preparation of fuel by mix-

ng the solid residue of OMW with olive husk. The other way of
ecycling this waste by its incorporation in building materials was
nvestigated by Hytiris et al. and Mekki et al. [6,11]. The global

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ammarenis@yahoo.fr
dx.doi.org/10.1016/j.jhazmat.2008.05.053
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Table 1
Physico-chemical characterization of raw materials: olive mill sludge (OMS) and
poultry manure (PM) (dry weight basis)

Parameters OMS PM

pH 9.69 ± 0.03 8.27 ± 0.07
EC (mS/cm) 4.84 ± 0.04 4.07 ± 0.25
TOC (%) 23.120 ± 0.310 6.56 ± 0.25
NT (%) 0.780 ± 0.011 0.56 ± 0.06
C/N 30.35 12.17
Polyphenols (%) 0.920 ± 0.014 0.14 ± 0.001
Carbohydrates (%) 0.520 ± 0.009 0.12 ± 0.004
Potassium (ppm) 23.20 ± 0.01 10.55 ± 0.01
Magnesium (ppm) 5.000 ± 0.015 3.745 ± 0.013
Sodium (ppm) 4.000 ± 0.005 2.01 ± 0.002
Calcium (ppm) 12.800 ± 0.017 50.40 ± 0.014
Phosphorus (ppm) 15.200 ± 0.028 75.76 ± 0.024
Copper (ppm) 0.020 ± 0.012 0.034 ± 0.015
Nickel (ppm) <0.088 <0.088
Zinc (ppm) 0.050 ± 0.010 0.075 ± 0.010
Lead (ppm) <0.041 <0.041
Iron (ppm) 0.870 ± 0.042 16.770 ± 0.025
Cadmium (ppm) <0.004 <0.004
Manganese (ppm) 0.100 ± 0.034 0.210 ± 0.021
C
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spanning the whole profile (from the top to the bottom), according
to ISO 8633 [27]. Each sample was divided into two parts: one was
immediately cooled and kept for microbiological analysis; the other
was air-dried and ground to 0.5 mm for physico-chemical analysis.

Table 2
Physico-chemical characterization of OMW and confectionery wastewater used for
watering raw materials during the composting process

Parameters OMW Confectionery effluent

Dry matter (%) 10.00 ± 0.10 13.50 ± 0.15
pH 5.30 ± 0.21 5.05 ± 0.35
EC (mS/cm) 20.10 ± 1.55 22.00 ± 1.70
Suspended solids (g/l) 17.00 ± 3.04 8.10 ± 2.70
Organic matter (% dry matter) 78.60 ± 0.50 99.57 ± 0.65
COD (g/l) 178.40 ± 8.95 100.58 ± 6.25
BOD (g/l) 25.60 ± 5.28 24.30 ± 4.65
TOC (g/l) 30.60 ± 2.35 21.50 ± 1.63
Total polyphenols (g/l) 10.5 ± 1.43 Not determined
Carbohydrates (g/l) 0.32 ± 0.05 10.4 ± 0.04
Total nitrogen (ppm) 975.30 ± 0.12 66.14 ± 0.35
Phosphorus (ppm) 260.00 ± 0.15 350.50 ± 0.20
Potassium (ppm) 91.70 ± 0.35 76.00 ± 0.24
S. Hachicha et al. / Journal of Haz

ynthesis of these studied practices exhibited that for such solid
astes, composting is the recommended beneficial method, and

o-composting of such waste mixed with other agricultural wastes
eems to be a reasonable approach before ultimate disposal.

Poultry manure (PM) contains microorganisms originating
rom faeces, bedding material and is a potential feed residue. In
unisia, this material is an abundant waste and its inappropriate
isposal can generate environmental negative impacts, includ-

ng bad odours, pathogens dissemination, nitrate leachate and
roundwater-pollutant contamination [12,13]. Furthermore, exces-
ive manure application is plant toxic due to the high salt content
nd accumulation of trace heavy metals in plants [14,15]. The
o-composting technique is an efficient way contributing to the
esolution of PM problems.

Composting process has been usually characterized by physico-
hemical parameters [16–20]. However, few studies have con-
idered parameters indicating the changes in microbial activity
nd spectroscopic-structural information concerning the result-
ng transformation of organic matter during the biological process.
ndeed, composting is a process where the activity of indigenous

icroorganisms is enhanced by the physico-chemical environmen-
al parameters of the composted solid matrix. Typically, moisture
ontent, nutrient balance (C and N), temperature, particle size
istribution, and aeration are the most important parameters act-

ng on microbial activity [21]. When environmental conditions
re optimum for microbial activity, mesophilic and thermophilic
icroorganisms rapidly decompose the substrate, increasing tem-

erature through metabolic heat release. Subsequently, microbial
ommunity shifts from mesophilic to thermophilic flora, switch-
ng the process to thermophilic phase [13,22,23]. The process
nd-product is a stable compost. Compost stability refers to
he resistance of composted organic matter to further rapid
egradation, and can be directly measured by respiration rates
24–26].

Based on the literature, co-composting olive mill sludge with
M provides adequate C/N ratio and physical structure, and is hence
xpected to be a suitable environmental friendly treatment for both
y-product detoxification and organic matter stabilisation. There-
ore, the aim of this study was to evaluate composting efficiency
s a low cost technique for PM sanitation and OMS stabilisation
sing (i) microbial activity monitoring during co-composting of
MS and PM, (ii) Fourier transform infrared (FTIR) spectroscopy

o assess the maturity progress of the mixture during compost-
ng and (iii) physico-chemical analyses to characterize the end-
roduct.

. Materials and methods

.1. Composting procedure

A windrow of 60 tons – having trapezoidal heap shape with an
nitial maximum height of 2.0 m and a about 2.0 m base by 8.0 m
ength – was prepared by mixing OMS with PM. The OMS was
ollected from the evaporation basins located in the city of Sfax
Tunisia), and the poultry manure (PM) from an industrialized farm
n the same area. The study was held just at the end of olive har-
esting (May 2005). The composition based on a fresh weight was
s follows (dry weight in brackets):

0%OMS + 40%PM (66 : 34).
he physico-chemical characteristics of the solid wastes used are
resented in Table 1

During composting process, moisture content was adjusted to
round 45–60%. The windrow was watered by a mixture of OMW

M
S
C

E
d

hromium (ppm) <0.015 <0.015

C: electrical conductivity; TOC: total organic carbon; NT: total nitrogen; C/N: car-
on/nitrogen ratio.

ollected from the storage lagoon and an effluent from a con-
ectionary (Table 2). This humidification process was carried out
hile turning the windrow by a bulldozer. The total volume of both

qually mixed effluents used during all the process was 2.1 m3 per
ons of composted solid materials.

The windrow was turned mechanically every 3 or 4 days dur-
ng the most active bio oxidative phase, and once a week all the
ay through the maturation period. Temperatures were measured
n a daily basis by a mercuric thermometer fixed on a long rod,
t 0.5 m depth at different locations spanning the whole windrow,
he measurements were recorded after the stabilisation of the mea-
ured temperature (approximately 10 min), and the average value
as used to represent the temperature profile during composting.

Samples were collected during the mechanical turning. These
ere taken by mixing six sub-samples from six sites of the pile,
agnesium (ppm) 298.50 ± 0.24 54.00 ± 0.34
odium (ppm) 280.40 ± 0.18 516.00 ± 0.47
alcium (ppm) 72.40 ± 0.14 128.00 ± 0.25

C: electrical conductivity; COD: chemical oxygen demand; BOD: biological oxygen
emand; TOC: total organic carbon.
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.2. Microbiological analysis

Microbiological analysis was performed during the biological
rocess to characterize the organic matter stabilisation and to
nsure the compost hygienic aspect. A 10 g sample was suspended
n 90 ml of a sterile peptone water solution and stirred at 150 rpm
or 10 min at 28 ◦C. The suspension was used for microbial count
y cell enumeration assessed by the determination of the number
f colony forming units (CFU), according to ISO 7218 [28]. Serial
ecimal dilutions of each suspension (10−1 to 10−8) were plated in
riplicate on different agar media: Plate Count Agar (PCA, Pronadisa,

adrid, Spain), for the total aerobic mesophilic and thermophilic
acteria incubated, respectively, at 30 ◦C and 55 ◦C for 72 h, desoxy-
holate lactose agar (Biomerieux, France) for total coliform and fecal
oliform flora after incubation for 24 h at 37 ◦C and 44 ◦C, respec-
ively, and potato dextrose agar (PDA) (Pronadisa, Madrid, Spain)
or thermophilic and mesophilic yeasts and fungi enumeration,
ncubated, respectively, at 30 ◦C and 55 ◦C for 72 h. The sporulating
erobic bacteria (bacilli) were quantified according to Jouraiphy et
l. [29]; the suspension was heated at 80 ◦C for 10 min then plated
n PCA at 30 ◦C for 72 h.

Basal respiration was evaluated after defrosting and homogeniz-
ng the frozen sub-samples. Fresh samples, equivalent to 20 g dry

eight, were incubated in 1.0 l glass jars, at 25 ◦C for 10 days. A vial
ontaining 10 ml of NaOH (2 M) was placed in each jar to remove the
O2 released by the microbial biota in the sample. After the incu-
ation period, the NaOH-containing vial was removed and titrated
ith HCl (2 M).

Basal respiration rate was expressed as mg C-CO2 evolved per
ram of dry material per day.

.3. Physico-chemical analysis

Physico-chemical characterization of the two effluents was
ade according to French standards [30]. Electrical conductivity

EC) and pH were analysed in a 1:10 (w/v) water-soluble extract.
he dry matter content was assessed by drying at 105 ◦C for 12 h
nd organic matter (OM) by determining the loss-on ignition at
30 ◦C for 24 h [31].

Total nitrogen (NT) and total organic carbon (TOC) were deter-
ined by automatic microanalysis [32].
Macro- and micro-elements and heavy metals were brought

nto solution by acidic digestion (2 g of compost digested with
NO3 and HCl), then analysed by an atomic absorption spec-

rophotometer. Phosphorus was determined colorimetrically at
30 nm as a molybdo-vanadate phosphoric acid [30]. Total fat con-
ent was determined by extraction with diethyl ether and later
eighing. Water-soluble phenolic substances (WSPH) were deter-
ined by the modified Folin method [33]. Carbohydrates were

nalysed in the water extract (1:10, w/v) by the anthrone method
34].

Toxicity was assessed by germination index (GI) determination.
his was performed with cress seed (Lepidium sativum L.) according
o Alburquerque et al. [18].

.4. Fourier transform infrared analysis

The Fourier transform infrared (FTIR) spectra of each compost-
ng step was recorded between 4000 and 400 cm−1 wave-numbers

sing a PerkinElmer 1600 FTIR. Pellets were prepared by mixing
mg ground sample with 300 mg of potassium bromide. The mix-

ure was compressed under vacuum for 10 min. In order to limit
oisture interference, both composted samples and KBr were dried

t 105 ◦C for 72 h before pellets preparation.

g
s
p
t
p

ig. 1. Changes in temperature during co-composting of OMW sludge and poultry
anure.

.5. Statistical analysis

The mean was reported with the statistical analysis expressing
he incertitude using ANOVA software. During composting, sig-
ificant differences among the values of each studied parameter
ere calculated by the least significant difference (LSD) test at
< 0.05.

All analyses were performed in duplicate.

. Results and discussions

.1. Temperature evolution

After windrow establishment, the composting mixture achieved
apidly thermophilic temperatures (>45 ◦C) (Fig. 1). The maximum
emperature reached during composting was 62 ◦C (thermophilic
hase). During the process, temperatures exceeding 60 ◦C main-
ained for several days ensured the organic matter stabilisation
nd the pathogenic microorganism suppression. Initially, the
emperature of the composting windrow was 35 ◦C (mesophilic
hase). It rose above 45 ◦C after 4 days (thermophilic phase)
o reach temperatures exceeding 50 ◦C after 13 days. Thereafter,
he temperature remained constant in the average of 60 ◦C for
t least 3 months, before dropping to ambient value. This phe-
omenon seems to be specific to OMS composting since the use
f PM allows a thermophilic phase handle during few weeks
19]. Indeed, the long thermophilic phase reflects the avail-
bility of degradable substances as well as the self-insulating
apacity of the composted OMS material. Furthermore, water-
ng with a mixture of effluents (OMW and confectionary’s
ffluent) provides organic compounds, especially carbohydrates,
asily biodegradable. Such excessive thermophilic phase last-
ng (more than 100 days) indicates an abnormally extended
ecomposition and a delayed transition to the stabilisation stage
24].

Temperature fluctuations during composting followed a pat-
ern similar to that previously noted in composting systems
2,18–20,35,36]. Initially, the temperature of the composting mix-
ure rose as a consequence of the rapid breakdown of the
vailable organic matter and nitrogenous compounds by microor-
anisms (thermophilic phase). As the organic matter became more

tabilised, the microbial activities and the organic matter decom-
osition rate slowed down. The temperature gradually decreased
o reach ambient value, indicating the end of the thermophilic
hase.
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just at the beginning of the thermophilic phase, after 30 days
ig. 2. Concentrations of indicator microorganisms (expressed as colony forming
nits/g fresh material) in the initial composted mixture and the final compost.

.2. Sanitation indicator bacteria opportunist: pathogenic
icroorganisms

One of the problems posed by the direct use of poultry manure
n agriculture is the risk of plant and human contamination by
athogens. Initially, the mixture of by-products showed a high
ensity of sporulating aerobic bacteria, total coliforms and ther-
otolerant coliforms. They were significantly log reduced by 2.4,

.5 and 1.5, respectively, at the end of the process (Fig. 2), in respect
o the initial count.

During composting, the average temperature was of
7.17 ± 3.19 ◦C, held for more than 4 months caused a signif-
cant elimination of the pathogenic microorganisms. At this
emperature, only a few days are required to eliminate almost
ll pathogens and nematodes according to Jouraiphy et al. [29].
imilar results were found by Lemunier et al. [37], when com-
osting bio-waste using an “in-vessel aerated forced system”.
oreover, Ros et al. [13] explained that at high temperatures

eached during composting, pathogens are destroyed making the
ig slurry-derived compost safe for agricultural use. Recently,
einonen-Tanski et al. [12] confirmed hygienization of composted
anure by heat produced during organic matter decomposition.

imultaneously, proteins degradation leads to ammonification
ncreasing pH and ammonia concentration. The alcalinization
f the substrate may inhibit the survival of many pH sensitive
icroorganisms contributing to hygienization.
While processing, thermotolerant coliforms concentration used

s environmental sanitation indicator [37], was reduced confirming
he composting efficiency. Tiquia et al. [38] and Larney et al. [39]
ound that the coliform concentrations reduced from 107–108/g
o 102–103/g and the enteric pathogens concentration decreased
elow the detection limits during a successful composting pro-
ess. Ros et al. [13] recommended a density of fecal coliforms for
ompost sanitation of 103 /g of solid and considered faecal strep-
ococci to be more useful indicators of the disinfection processes
n sewage sludge composts. Furthermore, Lasaridi et al. [40] pro-
osed a fecal coliforms limit value of 5 × 102 CFU/g of dry weight
or sanitized compost. In our experiment, thermotolerant coliforms
ensity found in the final compost was below the recommended

imit. Moreover, during the experiment, long period of compost-

ng temperature ranged from 55 to 63 ◦C. These values can destroy
armful species of fecal coliforms according to Déportes et al. [41].

Sporulating aerobic bacteria concentration was similar to that
ound by Jouraiphy et al. [29]. Tuomela et al. [23] reported that

o
r
e
c

ig. 3. Changes in total populations (expressed as log10 CFU/g d.w.) of (a) mesophilic
nd thermophilic bacteria; (b) mesophilic and thermophilic fungi. The error bars
ndicate standard errors.

acillus is a typical bacterium of the thermophilic phase and it is
mong the thermophilic genus that has been isolated from com-
ost at high temperatures. These bacteria produce thick-walled
ndospores very resistant to heat, radiation and chemical disin-
ectant. Although sporulating aerobic bacteria (bacilli) are active
etween 60 and 65 ◦C and destroyed at 75 ◦C, in compost where
emperature do not exceed 65 ◦C, bacterial enzymes would be irre-
ersibly denaturized [29].

.3. Biological parameters

.3.1. Microbiological changes
During composting, diverse microbial activities conduct the

rocess [23]. Bacterial and fungi populations of mesophilic and
hermophilic biota at various composting process stages were evi-
enced (Fig. 3).

Mesophilic bacteria were predominant at 30 days of com-
osting. Then, their concentration declined with time to reach

og 4 N/g d.w. during the thermophilic phase, and finally it rose
uring the cooling stage. Besides, after 210 days of compost-

ng, thermophilic bacteria were at the same concentration as
esophilic bacteria initially present in the composted mixture.
n increase of about one order of magnitude was observed
f the composting process. At 60 days, thermophilic bacte-
ia were at their maximum rate and then declined until the
nd of the process to stabilise at almost the same initial con-
entration (Fig. 3a). It is important to notice that during the
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Table 3
Daily CO2 release during composting of OMW watered by confectionery wastewater.
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However, the prepared compost was slightly alkaline as required.

3.4.2. Mineral content and heavy metals
As composting leads to production of minerals [20], the concen-

trations of P, K, Ca and Mg were determined. According to Table 4,

Table 4
Physico-chemical characterization of the final compost and the farm manure (dry
weight basis)

Parameters Compost at 210 days of composting Cow farm manure

pH 8.32 ± 0.01 8.87 ± 0.03
EC (S m−1) 9.21 ± 0.08 2.05 ± 0.06
Corg (%) 18.47 ± 0.01 33.80 ± 0.34
Norg (%) 1.19 ± 0.11 2.00 ± 0.01
C/N 16.21 ± 1.42 16.90 ± 0.28
OM (%) 26.21 ± 0.03 69.560 ± 0.010
Composting time (days)

0 30

g CO2 released g−1 d.w. day−1 5.80 ± 0.26 6.85 ± 0.97

ooling phase, there was a resurgent growth of mesophilic
acteria which reached approximately the same value at starting
ime (2.6 × 106 CFU/g d.w.).

Similarly to bacterial evolution, mesophilic fungal population
as the same trend as the total mesophilic bacteria. The maxi-
um concentration was observed at 30 days of composting and

hen declined to a level of log 4 N/g d.w. at 90 days of the biolog-
cal process and stabilised at this concentration throughout the
omposting process (Fig. 3b). The number of thermophilic fungi
ncreased slightly during the first 30 days of composting and then

continuous decrease was observed until the end of the biolog-
cal cycle reaching the same concentration as that of mesophilic
ungi. As a result, mesophilic and thermophilic microorganisms’
rowth, including bacteria and fungi, are related to the mesophilic
nd thermophilic stages of composting. This observation is in line
ith the findings of Goyal et al. [42] studying composting different

rganic wastes At laboratory scale, Tuomela et al. [23] described
he succession of microflora related to temperature evolution dur-
ng composting and reported the active development of bacteria
nd actinomycetes on thermophilic fungi mycelium.

Furthermore, no inhibitory effect on microbiota growth was
oticed during the process in spite of watering with OMW. This
esult is in complete disagreement with the findings of Abid
nd Sayadi [43] stipulating that phenols accumulation brought by
oistening with OMW caused a decrease in viable counts of ther-
ophilic bacteria.
Microbial biota succession plays a key role in composting pro-

ess, and the appearance of some microorganisms reflects the
uality of compost maturity [44]. The results showed that at the
arly stage of composting (temperatures of 20–40 ◦C) mesophilic
opulations were the dominant biodegraders of fresh organic mate-
ials and were partially killed or inactivated during the thermogenic
tage (temperatures of 40–60 ◦C). Finally, the thermophilic microor-
anisms emerged; their concentration was reduced because of
hysico-chemical conditions.

.3.2. Microbial respiration
The evolution of microbial respiration of the composted mixture

s presented in Table 3. This parameter is widely used to monitor
icrobial activity and organic matter breakdown [13].
The levels of CO2 emission increased during the first 3 months

hen a gradual decrease was observed until the end of the biolog-
cal process. This behaviour indicates two different kinetic phases
n C mineralization: a first phase when a rapid decomposition of
he most easily biodegradable substrates occurred leading to the
roliferation of various microflora with different enzymatic activi-
ies (Fig. 3). A second phase is revealed, when microbial respiration
ecreased with composting, reflecting the occurrence of organic
atter stabilisation and composted mass becomes concentrated

n recalcitrant compounds. Indeed, during composting progress,
icroorganisms metabolized the soluble organic matter provided

y easily biodegradable substances and especially nitrogen, mainly
upplied by poultry manure. As a result, this aerobic degradation

rincipally generated heat, biomass and carbon dioxide.

During the first 3 months of composting, microbial respira-
ion increase can be explained by the windrow’s aeration which
mproved the organic compounds degradation; those were sup-
lied by watering the mixture with both effluents. Watering with

P
K
C
M
F

60 90 150 210

7.80 ± 0.36 3.38 ± 0.75 1.37 ± 0.21 0.48 ± 0.09

uch wastewaters had not inhibited the microbial activity since
emperature in the mixture was relatively high (Fig. 1), with an
mportant CO2 emission (Table 3). These findings are different from
hose of Abid and Sayadi [43], who noticed a decline in micro-
ial activity when watering with OMW attributed to high phenol
nd organic acid content of the effluent. In our result, the use
f OMW did not have any negative impact on microbial activity.
ndeed, the developed microbial communities nesting the windrow
ere adjusted to grow on OMS in which the toxic phenolic com-
ounds were concentrated. While watering, microorganisms would
e stimulated by the organic compounds supplied.

Goyal et al. [42] mentioned that in mature municipal compost,
he amounts of CO2-C evolved should be less than 500 mg CO2-
g in the compost. More CO2 exhausted indicates that compost
as not been stabilised and needs further decomposition. In the
resent investigation, the CO2-C evolved, expressed as mg CO2-
g−1 d.w. day−1, indicated a stabilised compost.

.4. Characteristics of the final composts

.4.1. Organic matter, EC and pH
Stabilisation of the end-product was assessed by characteriz-

ng compost’s physico-chemical properties and comparing them to
hose of the conventional cow manure (Table 4) and to International
tandards. Overall, the prepared compost exhibited an adequate
gronomic quality with high content of organic matter and low C/N
atio reflecting a stabilisation and maturity of the compost. To get
he EU eco-label, composted material should contain no less than
0% OM, which was met at the end-product [40]. Furthermore, a
/N ratio of about 20 is enhanced by high mineral nutrients con-
entrations, indicative of various organic fertilisers like manure and
omposted vegetables [45].

According to Lasaridi et al. [40], compost should have a pH
alue within the range of 6.0–8.5 to ensure compatibility with most
lants. Because of the irrigation with OMW, the compost EC was
.21 (S m−1), a relatively high level exceeding the Greek standards’
pper limits (4.0 S m−1), and hence indicating a possible toxicity for
ost plants due to salts if used undiluted in potting mixture [40,46].
(g kg−1) 61.700 ± 0.020 4.600 ± 0.017
(g kg−1) 24.100 ± 0.025 10.376 ± 0.340

a (g kg−1) 42.300 ± 0.015 16.400 ± 0.010
g (g kg−1) 6.300 ± 0.017 3.800 ± 0.030

e (g kg−1) 11.40 ± 0.10 Non determined
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Table 5
Heavy metal concentrations in the examined compost and standard limit values [36] (dry weight basis)

Heavy metal Cu (mg kg−1) Ni (mg kg−1) Zn (mg kg−1) Pb (mg kg−1) Cd (mg kg−1) Mn (mg kg−1) Cr (mg kg−1)

R .01
C .06
E

t
T
o

a
p
n
v

i

a
a
p
p
m
d

aw materials mixture 27.71 ± 0.01 <0.008 141.32 ± 0
ompost 31.83 ± 0.01 <0.008 184.63 ± 0
co-label limits 100.00 50.00 300.00

he prepared compost contained high amounts of P, K, Ca and Mg.
his mineral composition confirmed the beneficial effect of this
rganic fertilizer.

When applying municipal solid waste compost to soil, Weber et
l. [47] observed a large increase of plant-available P, K and Mg. Zor-
as et al. [45] obtained a final compost with high organic matter and

utrients (N, P, K and cation-exchange capacity) when composting
inasse with olive stone residue.

Heavy metals concentrations indicated the extent of contam-
nation in prepared compost. Indeed, when applied as a soil

Fig. 4. FTIR spectra of co-composted OMS and PM at different process stages.

v
t
t
[
a
a

3

t
a
c
a
T

T
M
a

W

3

2

2

1

1

1

1

<0.041 <0.004 152.40 ± 0.04 27.71 ± 0.01
<0.041 <0.004 101.86 ± 0.01 35.01 ± 0.00

100.00 1.00 Non defined 50.00

mendment or fertilizer, the final product must be free of haz-
rdous pollutants such as heavy metals. After composting OMS with
oultry manure, the total metal concentrations in the final com-
osts showed a wide variation (Table 5). The most abundant heavy
etal was Zn but all the values were below the eco-label stan-

ards required for Cu, Ni, Zn and Pb. Compared to the respective
alues of heavy metals in the initial mixture, the concentrations in
he final compost globally increased (Table 5). Similar increase in
he total metal concentrations was found in many relevant studies
48,49]. This increase was mainly due to the weight loss of materi-
ls following organic matter decomposition, watering with OMW
nd mineralization processes during the composting period.

.4.3. Organic matter (FTIR spectroscopy)
The FTIR spectra of OMS composted at various stages (initial

ime, 60, 180 and 210 days) exhibited a great resemblance in some
bsorption bands, but with different intensities (Fig. 4). The prin-
ipal absorption bands in the FTIR spectra and their corresponding
ssignments based on the literature [10,50,51] are summarized in
able 6.

The main features of the FTIR spectra are the following:

(a) an intense broad band centered between 3700 and 3300 cm−1

usually attributed to O–H stretching in carboxylic functions,
and –H bonded O–H groups of phenols and N–H stretching in
amide functions. These specified functions and compounds are
abundant at initial time in the raw materials. Their intensity
decreased with composting time;

(b) a band at about 2925 and 2855 cm−1 reflecting aliphatic C–H

group stretching;

(c) a band at about 1650 cm−1 generally attributed to absorption
of several groups including aromatic C C, C O stretching of
amide groups, ketones and/or quinones;

able 6
ajor absorption bands and assignments in FTIR spectra, for OMW sludge compost

t different stages of composting

ave-number (cm−1) Assignment

450–3300 - O–H stretching in alcohols and carboxyl functions;
- bonded OH groups of phenols;
- N–H stretching in amides and amines second.

925 - Symmetric C–H stretching of aliphatic chains (fatty
acids, waxes and aliphatic components).

855 - C–H stretching of aliphatic methylene.

660–1640 - Aromatic C C, C O stretching of amide groups;
- C O of quinone and/or H-bonded conjugated ketones
in acids and primary amides.

565 - N–H deformation and C–N stretching of amides II in
proteineous chains;
- Aromatic C C stretching and/or N–H deformation.

425 - C–H deformation in lignin and carbohydrates;
- phenolic OH;
- COO− asymmetric stretching and stretching of O−

distributed aromatic rings.

100–1000 - C–O–C stretching of polysaccharides;
- Si–O stretching.
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Table 7
Changes in water-soluble phenols, fats and germination index during composting
OMW sludge with poultry manure (dry weight basis)

Composting time (days) WSPH (%) Fats (%) GI (%)

0 0.650 ± 0.001 10.38 0.00 ± 0.00
30 0.500 ± 0.004 8.80 2.26 ± 1.86

W

a
c
h
O

2
1
i
t
i
o
l
r
p
c
w
t
s
c
O

3

(
t
s
b
a
f
r
i
5
w
w
c
r
s

4

m

t
p

s
r
h
m
b
r
b
g
p
i
p
p
c

s
t
m
a
a

A

T
i
A

F

R

[

[

[

90 0.380 ± 0.003 3.23 14.15 ± 1.12
210 0.390 ± 0.004 1.70 87.71 ± 1.27

SPH: water-soluble phenols; GI: germination index; ±S.D.

(d) a peak at about 1560 cm−1 preferentially ascribed to N–H defor-
mation and C N stretching of amides;

(e) an absorption at about 1420 cm−1 attributed to several struc-
tures of carbohydrates and lignin, and also phenolic OH as well
as O− distributed on aromatic rings;

(f) a band at about 1040 cm−1 generally attributed to C–O–C
stretching of polysaccharides or polysaccharide-like sub-
stances and Si–O of silicate impurities, reflecting sand
contamination. The last band intensity tends to decrease with
composting time.

All spectra showed a high intensity for three bands: 3400, 1425
nd 1040 cm−1. These characteristic bands are common to FTIR of
omposted olive oil mill by-products and confirm the presence of
ighly oxidized polymerised humic substances structures in the
MS compost [52].

During composting, the structures absorbing at around 2925,
850 and 1540 cm−1 decreased and those absorbing at around
425 cm−1 rose. Peaks at 2925 and 2850 cm−1 decreased reflect-
ng a preferential aliphatic structures biodegradation. In addition,
he decrease of 1563 cm−1 explained the degradation of peptide
nitially included in poultry manure. In contrast, at the final stage
f the process the peak at 1425 cm−1, attributed to the pheno-
ic structures, increased indicating the occurrence of oxidation
eactions. The results provided by FTIR spectroscopy supported
revious studies [10,29,50,53] and confirmed that with increasing
omposting time, aliphatic materials and carbohydrates decreased
hereas aromatic and N-containing groups reflecting a biosyn-

hesis of humic substances (humic and fulvic acids), and probably
tabilised proteinaceous materials, increased. These changes, indi-
ating the humification degree increase, confirm the efficiency of
MW composting.

.4.4. Germination index
Compost stability was also estimated by the germination index

GI) (Table 7). In the first 3 months of the composting process,
he GI was too low, indicating phytotoxicity of the composted sub-
trate. However, the decrease of fats and WSPH occurred during the
iological process contributed to the detoxification of the materi-
ls proceeded. Similar decrease was described to be responsible
or toxicity reduction during composting progress [18,53,54]. Our
esults support these previous findings. After 210 days of compost-
ng, GI exceeded 80%; according to Paredes et al. [9], GI value above
0% indicates that the soil amendment used would not hurt plants
hile Lasaridi et al. [40] considered that compost experimented
ith GI value below 80% is phytotoxic. Nevertheless, other authors

haracterized a non-phytotoxic and stable substrate with GI in the
ange of 66–100% [45]. The EC decision on the eco-label does not
pecify any limit value for GI.
. Conclusion

It can be concluded that monitoring both chemical and
icrobiological parameters provide sustainable information on

[

[

s Materials 162 (2009) 402–409

he state of compost and its evolution during the composting
rocess.

Biological changes during composting indicated a succes-
ion of microbial populations depending on the temperature
eached in the windrow and microbial respiration measurement
as been shown to be useful tools for monitoring the organic
atter mineralization, evaluating compost maturity. These micro-

ial transformations were also confirmed by FTIR analysis which
evealed the biodegradation of the easily assimilated components
y microorganisms and an enrichment of aromatic structures sug-
esting humification during the process. Important decrease in
henol and lipid was observed with a notable germination index

ncrease indicating compost stability and maturity. Final com-
ost characterization confirmed its good notable quality with the
resence of macronutrients and the absence of trace heavy metal
ontents; as required by the eco-label standards.

As a consequence, composting has been demonstrated to be a
uitable process for PM sanitation and OMS detoxification leading
o compost exhibiting a substantial richness of stabilised organic

atter and absence of phytotoxicity suitable for soil amendment
s organic fertilizer. Such biological treatment could be considered
s a sustainable method of waste valorization by recycling.
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