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Résumé

L’utilisation massive des antibiotiques contribue a leur accumulation dans les boues des
stations d’épurations. L’application directe des boues est parmi les sources de dissémination
des antibiotiques et des genes de résistance aux antibiotiques. Le compostage et la
méthanisation sont parmi les bioprocédés de traitement des boues qui permettent d’éliminer
ou réduire les teneurs de certains antibiotiques. Dans ce travail, une boue primaire de la STEP
de Marrakech a été¢ contaminée par trois familles d’antibiotiques (macrolides, tétracyclines,
fluoroquinolones) pour conduire 4 essais de compostage a différentes doses (dont un essai
témoin) et un essai de méthanisation en mode semi-continu.

Les résultats du compostage ont montré que 1’augmentation des concentrations
d’antibiotiques retarde la dégradation de la matiére organique et affecte le ratio C/N. De
méme, la phase thermophile est perturbée, retardée et réduite dans le temps. Pour la
méthanisation, une concentration unique et réaliste a été testée. Dans ces conditions, aucun
effet sur la production du biogaz ou sur la dégradation de la matiére organique n’a été
observé.

Afin de suivre la dissipation des trois familles d’antibiotiques utilisées au cours du
compostage et de la méthanisation, une approche analytique basée sur 1’extraction accélérée
par solvant (ASE) suivie par I’application d’une méthode des ajouts dosés avant
quantification par chromatographie liquide couplée a de la spectrométrie de masse en tandem
(UPLC-MS/MS) a du étre mise en point. Le compostage et la méthanisation permettent de
réduire significativement les concentrations des molécules parents appartenant a la famille des
macrolides et des tétracyclines. Par contre, 1’élimination des fluoroquinolones est non-
significative et ne dépasse pas 30%. Au cours du compostage, la dissipation des macrolides se
fait en phase de stabilisation tandis que la phase de maturation est impliquée dans la
dissipation des tétracyclines. Les concentrations en cirprofloxacine (fluoroquinolone)
semblent légerement évoluer au cours du procédé probablement en raison d’une
adsorption/désorption sur le co-substrat lignocellulosique utilisé. Concernant la
méthanisation, 1’élimination des macrolides et des tétracyclines est significative durant la
stabilisation du procédé mais n’atteinds pas les rendements observés lors du compostage.

La diminution des concentrations des molécules parents est probablement accompagnée par
une biotransformation des antibiotiques sous forme de métabolites qui a ce stade ne sont pas
connus. La question de la rémanence de certaines molécules comme les fluoroquinolones,
interpelle quand au risque d’antibiorésistance. Ainsi, la valorisation des composts/digestats
comme amendements organiques des sols dois a terme conduire a une réflexion concernant la
réglementation qui inclus la présence de molécule de la classe des antibiotiques.

Mots clés: Antibiotiques, macrolides, tétracyclines, fluoroquinolones, compostage,
méthanisation, ASE, LC-MS-MS



Abstract

The intensive use of antibiotics for human purposes leads to their presence and accumulation
in the sludge produced from wastewater treatment plants. The direct application of sludge is
among the sources of dissemination of antibiotics and antibiotics resistance genes.
Composting and anaerobic digestion are some of the most used bioprocess for sludge
treatment, and which allow the removal/decrease of some antibiotics families. In this work, a
primary sludge from the wastewater treatment plant of Marrakesh was spiked using 3 families
of antibiotics (macrolides, tetracyclines, fluoroquinolones) to conduct (1) 4 composting
experiments with various concentrations levels, and (2) an anaerobic digestion experiment in
a semi-continuous mode.

Composting results showed that the organic matter degradation was delayed and the C/N ratio
was affected by an increase of antibiotics concentrations. Likewise, the thermophilic stage
was disturbed, the heat release was affected and the coming of the temperature maxima was
delayed. In the other hand, one realistic concentration was used during the anaerobic
digestion. In this condition, no effect was observed especially on the biogas production as
well as the organic matter degradation.

To assess the fate of antibiotics during composting and anaerobic digestion, an analytical
approach based on the accelerated solvent extraction followed by the standard addition
method and the UPLC-MS/MS was developed. Composting and anaerobic digestion lead to a
significant removal of parent compounds belonging to the family of macrolides and
tetracyclines. In contrast, the fluoroquinolones removal is not-significant and has not
exceeded 30%. During composting, the thermophilic stage was responsible on macrolides
elimination. In contrast, the maturation stage was more implicated on the removal of
tetracyclines. Ciprofloxacin (fluoroquinolone) showed some fluctuations in concentrations.
The sorption/desorption on palm rachis could probably explain the observed behavior of this
molecule during composting. During the anaerobic digestion, the removal of macrolides and
tetracyclines was significant, within the stabilization, but still lower than the observed ones
during composting.

The decrease of parent compounds of antibiotics is probably accompanied by a
biotransformation of these compounds in unknown metabolites. The presence of recalcitrant
compounds after the bioprocess could promote the development of resistant bacteria including
pathogens. In the future regulations, the valorization of compost/digestate as an amendment of
agricultural soil requires taking into account the presence of antibiotics.

Key words: Antibiotics, macrolides, tetracyclines, fluoroquinolones, composting, anaerobic
digestion, ASE, LC-MS-MS
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Introduction Générale



Depuis la découverte de la pénicilline en 1928, le développement de 'utilisation médicale des
antibiotiques a permis de réduire considérablement le taux de mortalit¢ des maladies
infectieuses dans le monde entier. Au Maroc, comme a [’échelle internationale, les
antibiotiques représentent les produits pharmaceutiques les plus utilisés (Klein et al., 2018).
Au Maroc, 1’exception d’une étude publiée en 2015, sur la consommation des antibiotiques
(Inous et al., 2015), on peut souligner 1’absence de valeurs officielles et fiables permettant
d’estimer la consommation réelle de ces molécules en médecine humaine et vétérinaire.
L’¢étude statistique réalisée était basée sur le systetme de classification anatomique-
thérapeutique-chimique (TAC) et des doses journalieres définies (DJD), qui est un systeéme
largement utilisé a I’échelle internationale. Les résultats de cette étude ont montré que la
consommation des antibiotiques est passée de 9.68 DJD/1000Hab/jour en 2003 a 13.85
DJD/1000Hab/jour en 2012, soit une augmentation de 30% sur 9 ans. En 2012, la classe des
pénicillines prédominait avec 59% de la consommation globale suivie par la famille des
tétracyclines 11.9%, et la famille des macrolides avec 11.6% (Inous et al., 2015).

Selon une étude réalisée sur 76 pays sur la période allant de 2000 a 2015 (Klein et al., 2018),
la Turquie et la Tunisie sont les plus grands consommateurs d’antibiotique au mode, avec une
dose journaliere de 50 DJD/1000Hab/jour. L’Espagne, la Gréce, 1’Algérie et la Romanie se
suivent dans ce classement avec environ 40 DJD/1000Hab/jour. La France est le geme
consommateur d’antibiotique au monde avec 36 DJD/1000Hab/jour. En 2015, 786 tonnes
d’antibiotiques destinés a la santé humaine et 514 tonnes d’antibiotiques destinés a la santé
animale ont été vendus en France. Pour les grandes villes, la consommation humaine est de
29.9 DJD/1000Hab/jours (ANSES, 2016). Aux Etats Unis et au Canada, la consommation
d’antibiotiques est de 28 et 20 DJD/1000Hab/jour respectivement. Selon les résultats de cette
étude, la consommation d’antibiotiques au Maroc est faible et est essentiellement liée a
I’utilisation des antibiotiques destinés a la santé humaine.

L’utilisation des antibiotiques en médecine humaine est accompagnée par leur élimination
vers les stations d’épuration dans les flux d’eaux usées. Les stations d’épuration ne sont pas
congues pour I’¢limination spécifique de ces composés chimiques. Ainsi, une partie de ces
molécules est dégradée, la partie non dégradée durant le procédé¢ d’épuration est soit
concentrée dans les boues résiduaires soit pour les molécules les plus hydrophiles évacuées
avec les eaux traitées vers les cours d’eau. En 2010 au Maroc, les systemes d’épuration des
eaux usées ont généré environ 40 000 T de boues. Selon les estimations, la production de
boues atteindra 300 000 T/an en 2025 (ONEE, Maroc). Il est important de souligner I’absence

de chiffres officiels quant a la valorisation des boues d’épuration au Maroc. En effet, ni le

2



plan national d’assainissement (PNA), ni le plan national des déchets ménagers (PNDM), ni
la loi 28-00 relative a la gestion des déchets ménagers (ou assimilés) ne traitent de la gestion
des boues d’épuration. Seule, la nouvelle loi sur ’eau 36-15 stipule dans ces articles 70 et 71
la nécessité de mettre en place des techniques de traitement. Leur utilisation agricole n’est pas
officiellement autorisée, de méme que leur mise en décharge controlée. Autrement dit,
actuellement, les solutions appliquées pour éliminer ou valoriser les boues produites a
I’échelle nationale sont réalisées sans encadrement institutionnel ou juridique. Dans ce sens,
le Ministére de I’Environnement marocain a lancé en 2015 un appel d’offre Recherche et
Développement en vue de proposer des solutions innovantes en maticre de traitement et
valorisation de boues. L’ensemble des résultats obtenus dans le cadre de cet appel d’offre
devrait permettre la mise en place de mesures et des normes d’utilisation pour la gestion des
boues a I’échelle nationale. Parmi les projets retenus, le Laboratoire Ecologie et
Environnement de I’Université Cadi Ayyad a mis en place un projet de traitement et de

valorisation industrielle des boues par co-compostage sur la période 2015-2017.

En France, les quantités des boues d’épuration sont encore plus importantes. En 2007, 9
millions de tonnes de boues brutes ont été produites, ce qui représente 22% de la quantité
globale des déchets organiques produits (ADEME, 2012). Les boues sont des déchets
organiques qui peuvent étre valorisés en agriculture comme des fertilisants riches en
nutriments et permettent une diminution de I’utilisation d’engrais chimiques. En France, 73%
des boues produites sont utilisées en agriculture, 28% seulement sont compostées (Legroux
and Trucht, 2009). La valorisation agricole des boues d’épuration est encadrée par I’arrété du

8 janvier 1998 qui définit les conditions d’épandage.

Il est important de souligner que malgré les efforts déployés a 1’échelle internationale, les
normes d’épandage existantes ne tiennent toujours pas compte de la présence d’un grand
nombre de molécules dans les boues d’épandages et ayant des effets reconnus sur les
organismes terrestres et aquatiques. Les teneurs en médicaments comme les antibiotiques ne

sont toujours pas reglementées.

L’épandage des boues de station d’épuration est parmi les sources anthropogéniques de
dissémination des antibiotiques dans I’environnement la plus importante, avec 1’usage des
lisiers d’animaux d’¢levage (Heuer et al., 2011 ; Mao et al., 2015). Par ailleurs, les
antibiotiques sont présents dans la quasi-totalit¢é des compartiments environnementaux, a

savoir les sols, les plantes, les sédiments, les eaux de surfaces et souterraines (Hirsch et al.,



1999 ; Michael et al., 2013 ; Rico et al., 2014). La présence des antibiotiques dans tous les
compartiments physiques et biologiques est considérée comme une des principales voies de
développement de 1’antibiorésistance, notamment des bactéries pathogénes pour 1’homme
(Binh et al., 2016). Selon I’organisation mondiale de la santé, la résistance aux antibiotiques
constitue aujourd’hui 1’'une des plus graves menaces pesant sur la santé a 1’échelle mondiale.
Pour limiter les risques de dissémination des antibiotiques il devient primordial de s’assurer
de I’innocuité des boues avant leur épandage. Pour réaliser cet objectif, des procédés de
traitement des boues doivent étre mis en place afin de mieux éliminer ce type de molécule. De
méme, il devient fondamental dans 1’attente du développement de ces nouveaux procédés
permettant d’éliminer au maximum ce risque, de traiter les boues en combinant élimination

des antibiotiques et valorisation.

Le compostage et la méthanisation sont parmi les procédés les plus utilisés pour le traitement
des boues d’épuration. Selon un audit réalis¢ par ’ADEME en 2006, il existe 820 plates-
formes de compostage en France, d’une capacit¢ moyenne de 10 000 tonnes par an, qui
traitent 6 millions de tonnes de déchets par an dont 1 million de tonnes de boues d’épuration.
Du point de vue méthanisation, la France comptait plus de 450 digesteurs en 2016. Le plan
Energie Méthanisation Autonomie Azote (EMAA) vise I’implantation de 1000 digesteurs a
I’horizon 2020. Au Maroc, la production de compost ou digestat susceptibles d’étre
commercialisés comme amendements organique est treés limité voire inexistante. En effet,
durant la période 1964-1980, 5 Unités de compostage des ordures ménageres ont été lancées
dans les différents centres urbains (Tétouan, Casablanca, Meknes, Rabat, Marrakech), mais
I’éxpéreince a échoué¢ au bout de quelques années en raison de différents problemes
techniques et en autre autre la mauvaise qualité du compost produit, pour celles qui ont pu
fonctionner. En 1990, une usine de compostage a été construite a Agadir en 1996, avec la
société marseillaise-Canal de Provence, avec un budget de 32 millions dirhams, mais qui a
connu le méme échec. Actuellement, moins d’une dizaine d’unités de compostage des déchets
verts, fumier et certains déchets agricoles existent et fonctionnent, mais le volume des
composts produits demeure en-deca des besoins du marché marocain en amendements. En
matiere de biométhnisation, seule la station d’épuration de la ville de Marrakech et de Fes
disposent d’un digesteur permettant la production d’une partrie d’énergie pour les besoins des
stations. A ceci, s’ajoute la production de biogaz a partir de certaines décharges controlées
et/ou réhabilées (Fez, Oujda, Marrakech...). Un travail important reste a faire pour la

reconnaissance et le développement de ces filieres au Maroc.



La ville de Marrakech compte plus d’un million d’habitant. L’activité touristique de la ville
«ocre » a fortement contribué a son développement économique, urbain et démographique.
Afin d’accompagner ce développement de mode vie sur le volet environnemental, une
nouvelle station d’épuration a été construite en 2009 pour traiter les eaux usées de la ville.
Avec une capacité de 120 000 m’/j traitant 33 millions m’ d’eau par an pour une charge de
pollution journaliére de 1.3 millions d’équivalents habitants, la station d’épuration de
Marrakech est considérée comme la plus grande station au Maroc. Il s’agit d’un traitement
biologique des eaux usées selon le procédé des boues activées suivi par un traitement tertiaire.
En parallele avec la politique nationale quant a la gestion des eaux usées épurées, la station
d’épuration traitent les eaux usées pour une réutilisation en irrigation. L’épuration des eaux
usées est accompagnée par une production de 140 t/jour de boues qui sont évacuées vers des
sites de déchargement sans aucun traitement préalable. Actuellement, un projet ambitieux de
séchage solaire (systéme serre) vient d’étre achevé approximité de la décharge contrdlée de

Marrakech, bien que la destinée des boues séchées n’est pas encore clairement identifiée.

A travers de multiples travaux de recherche réalisés sur les boues de Marrakech (Amir et al.,
2005 ; Hafidi et al., 2008 ; El fels et al., 2015 ; Belloulid et al., 2016), il ressort que les boues
contiennent des pathogenes, des parasites, des polluants inorganiques et organiques. Parmi ces
polluants, des teneurs de polluants émergents (antibiotiques) ont €té observées et varient entre

0.2 et 4.2 ug/kg DM (Khadra, 2015).

Dans ce contexte, les travaux de cette these ont porté sur le devenir des antibiotiques au cours
de différents procédés de traitement des boues primaires de Marrakech par co-compostage et
méthanisation. Afin de réaliser cette étude, les boues primaires ont été inoculées par
différentes gammes de concentrations de 5 antibiotiques, les plus utilisés, appartenant a 3
familles, les tetracyclines (TCs), les macrolides (MDs) et les fluoroquinolones (FQs).
L’objectif général de ce travail a été d’apporter des réponses quant au devenir de ces trois
familles d’antibiotiques au cours des deux différents procédés testés. Afin de s’assurer de
I’innocuité ou non des composts et digestats finaux, une approche analytique multi-résidus
permettant le dosage des trois familles d’antibiotiques dans différentes matrices, boue,

compost et digestat a été développée.

Le manuscrit se divise en six chapitres distincts. Le premier chapitre est constitué de deux
revues bibliographiques sur : (1) les sources, le devenir et les effets des antibiotiques dans

I’environnement. Une attention particuliere a été portée sur le devenir de ces molécules durant



le compostage ainsi que leurs impacts sur ’antibiorésistance. (2) les approches analytiques

utilisées pour I’extraction et le dosage des antibiotiques dans les boues et les composts.

Dans un deuxiéme chapitre, des essais de compostage ont été conduits pour suivre I’effet de
doses croissantes d’antibiotiques sur les parametres physico-chimiques et thermiques du

compostage.

Le troisieme chapitre est focalisé sur la mise en point d’une méthode analytique multi-résidu

pour I’extraction et le dosage des antibiotiques.

Le quatriéme chapitre présente 1’application de notre méthode analytique pour suivre le

devenir des antibiotiques au cours du compostage de boues.

Dans le cinquieme chapitre, une syntheése bibliographique du devenir des antibiotiques au
cours de la méthanisation a été présentée comme sous chapitre. Par la suite, notre protocole
analytique a été utilis€ pour suivre les performances de la méthanisation vis-a-vis

I’¢limination des antibiotiques.

Enfin, ’ensemble des résultats ont été confrontés lors d’une discussion générale, suivie par

une conclusion et les perspectives.



Chapitre 1: Synthese Bibliographique



Contexte :

L’utilisation massive des antibiotiques en médecine humaine ou vétérinaire contribue a leur
accumulation dans les boues, issues des stations d’épurations des eaux usées, ou des fumiers
apres excrétion par les animaux, de 30 a 90% de la dose administrée se retrouve dans les
urines et les feces. L’application directe des boues et des fumiers est parmis les sources de
dissémination majeure des antibiotiques. Ceux-ci contribuent grandement au développement

de I’antibiorésistance (Binh et al., 2016).

Dans une revue générale soumise a « Journal of Hazardous Materials IF = 6.065 ; article en
révision », sont présentés une vue d’ensemble de 1’occurrence des antibiotiques dans les
boues et les fumiers, ainsi que leur transfert vers les sols agricoles. Par la suite, le devenir des
antibiotiques et des genes de résistance aux antibiotiques au cours du compostage sont
abordés en précisant les différents mécanismes d’élimination impliqués. Des pratiques
innovantes ont été proposées pour mieux gérer les boues et les fumiers par optimisation des
conditions de compostage afin d’assurer I’élimination/réduction des antibiotiques et leurs

genes de résistance.

Le suivi des antibiotiques dans les matrices solides (boues, compost, digestats) est un défi
analytique a 1’échelle internationale. Jusqu’a présent, il n’existe pas de méthode analytique
standard pour une analyse multi-résidus d’antibiotiques dans ces matrices. En effet, la nature
de celles-ci conduit a des interactions complexes entre antibiotiques et matiere organique
rendant leur analyse complexe. La deuxieme partie de cette synthese bibliographique consiste

en une revue des méthodes analytiques existantes.
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Abstract

Wastewater treatment plant effluent, sludge and manure are the main sources of
contamination by antibiotics in the whole environment compartments (soil, sediment, surface
and underground water). One of the major consequences of the antibiotics discharge into the
environment could be the prevalence of a bacterial resistance to antibiotic. In this review, four
groups of antibiotics (Tetracyclines, Fluoroquinolones, Macrolides and Sulfonamides) were
focused for the background on their wide spread occurrence in sludge and manure and for
their effects on several target and non-target species. The antibiotics concentrations range
between 1 and 136,000 pg/kg of dry matter in sludge and manure, representing a potential
risk for the human health and the environment. Composting of sludge or manure is a well-
known and used organic matter stabilization technology, which could be effective in reducing
the antibiotics levels as well as the antibiotic resistance genes. During sludge or manure
composting, the antibiotics removals range between 17-100%. The deduced calculated half-
lives range between 1 to 105 days for most of the studied antibiotics. Nevertheless, these
removals are often based on the measurement of concentration without considering the matter
removal (lack of matter balance) and very few studies are emphasized on the removal
mechanisms (biotic/abiotic, bound residues formation) and the potential presence of more or
less hazardous transformation products.

The results from the few studies on the fate of the antibiotic resistance genes during sludge or
manure composting are still inconsistent showing either decrease or increase of their
concentration in the final product.

Whether for antibiotic or antibiotic resistance genes, additional researches are needed,
gathering chemical, microbiological and toxicological data to better understand the implied
removal mechanisms (chemical, physical and biological), the interactions between both
components and the environmental matrices (organic, inorganic bearing phases) and how
composting process could be optimized to reduce the discharge of antibiotics and antibiotic

resistance genes into the environment.

Keywords: Sludge, Manure, Composting, Antibiotics, Antibiotic resistance genes.
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1. Introduction
Antibiotics are widely used in human and veterinary medicine [1] (Table 1). The annual use
of antibiotics was estimated to be between 100,000 and 200,000 t worldwide [2]. In Europe,
2/3 of antibiotics are used in human medicine and 1/3 for veterinary use [3]. In the United
States, 16,000 t of antimicrobial compounds are used annually, 70% are used for non-
therapeutic purposes [4]. The intensive use of antibiotics for human purposes leads to their
continuous release into the WWTPs. Moreover, most of the WWTPs, based on the biological
aerated system for example [5], were not designed to treat such compounds and present
limited performances regarding their elimination [6, 7]. So, a part of these molecules is
discharged by the WWTPs effluent toward the aquatic environment and the other part,
adsorbed on sludge, could reach the soil according to the sludge use state rules [8, 9]. Hence,
WWTPs are considered as an anthropogenic source for the environmental contamination by
antibiotics [10]. Another hotspot of antibiotic dissemination in the environment is the
veterinary use [11, 12]. Very high antibiotic concentrations varying from 91 to 136 mg/kg of
dry matter (DM) of sulfonamides [13] and tetracyclines [14], and other molecules were found
in manure. As a consequence of these massive discharges into the environment, antibiotics
were found in each environmental compartment, in soil [15], sediment [16], surface and
groundwater [17]. Such presence is one of the factors contributing to the spread of antibiotic
resistance [18]. Thus, it is necessary to propose strategies to manage and reduce the

dissemination of antibiotics [19].

Tableau 1: Selected examples of commonly used human and veterinary antibiotics and their physical
and chemical properties

Families Molecules | pKa Chemical structure Usage
(25°C)
Tetracyclines OTC 4.5 Humans
and
animals
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Families Molecules | pKa Chemical structure Usage
(25°C)
CTC 4.5 Animals
TC 33 Humans
and
animals
DOX - Humans
and
animals
Macrolides ROX 12.45 Humans
TYL 13 Animals
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Families Molecules | pKa Chemical structure Usage
(25°0C)
ETM 8.8 Humans
and
CH; animals
Q--.,PIJ/CHJ
. OH CH4
%}u.,. Hs
Ha
o
Hy
D“::H3
Sulfonamides SMX 5.7 Humans
(o) N—
Ny
\h\N - H;
H,N
Fluoroquinolones | CIP 6.09 Humans
ENR 2.74 Animals
(=] (=]
F H
| |
"=CVO A
NOR 6.34- Humans
8.75
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Families Molecules | pKa Chemical structure Usage
(25°0C)

OFL 5.97 Humans

OH

OTC: Oxytetracycline; CTC: Chlortetracycline; TC: Tetracycline; DOX: Doxycycline;ROX: Roxithromycin;
TYL: Tylosin;ETM: Erythromycin; SMX: Sulfamethaxazole;CIP: Ciprofloxacin; ENR : Enrofloxacin ; NOR:
Norfloxacin; OFL: Ofloxacin

Composting is a bioremediation technology able to reduce or eliminate the residual
concentrations of antibiotics present in sludge or manure before their application to
agricultural fields. The assessment of composting efficiency toward the elimination of
antibiotics and their ARGs is still in progress, and needs more knowledge. In the light of the
recent researches, providing a global vision and perspectives about the fate of antibiotics and
ARGs during composting is highly valuable. In this context, this review explores the sources,
the dissemination routes and the impacts of antibiotics and their associated ARGs. In addition,
the fate of antibiotics and ARGs during composting of sludge or manure was reviewed to

assess the potentiality of composting as a strategy to mitigate the dissemination of antibiotics

and ARGs.

2. The occurrence of antibiotics in raw and composted sludge or manure and their
impact on the environment after soil application

In the European Union, 53% of the sludge produced by WWTPs is used in agriculture [20].
Many antibiotics end up in sewage sludge as shown on the Figure-la with concentration
varying between few nano-grams and 100 mg/kg DM. The four main families (tetracyclines,
sulfonamides, macrolides and fluoroquinolones) have been quantified in raw sludge,
including primary, secondary, mixed, dehydrated sludge. However, very few data (none on

sulfonamides) are reported on composted sludge.

In raw sludge, CIP, NOR, and TYL are present at the highest concentration with a median
value superior to 1000 pug/kg DM. Tetracyclines present a high range of concentrations,
particularly TC and OTC, with medians above 10 pg/kg DM. Macrolides present also
medians above 10 pg/kg DM but with a lower range of concentrations. Sulfonamides present

medians around 10 pg/kg DM. In composted sludge, CIP and NOR present lower medians
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than in raw sludge (near 100 pg/kg DM). For the other compounds, reported values are quite

similar between raw and composted sludge.

In the United States, 130 million tons of pig, bovine and chicken manure are produced
annually. In Canada, 177.5 million tons are produced per year [21], in France in 2012, over
274 million tons of livestock wastes were generated and applied on soil [22]. Considering the
high use of antibiotics in veterinary medicine and depending on pharmacokinetics and
specific transformation processes in the animals, large proportions of antibiotics are usually
excreted (30-90%) by urine or faeces [23]. Therefore, antibiotics could be released into the
environment when urine [24] and manure (Fig. 1c) were used directly as fertilizers. A very
high range of concentrations was found from pg to g’/kg DM due to the various practices in
livestock industries, e.g. use of antibiotics as growth promoters in many developing countries
[25]. Medians are around 100 and 1000 pg/kg DM. Only one paper reported tetracyclines

value on composted manure with also a wide range of concentrations [26].

A high proportion of antibiotics and potentially bioactive transformation products reach
agriculture fields or soil throughout the direct discharge or application of sludge and manure
[22, 27-31]. Concentrations in soil compartment vary according to the history of the field. In
soils amended with raw or composted sludge, Bourdat-Deschamps et al. [22] have measured
4-10 pg/kg DM of fluoroquinolones. Hu et al. [32] mentioned 2.5-105 pg/kg DM for
tetracylines and 33.1-1079 pug/kg DM for CTC in soils amended with organic pig manure.
Karci and Balcioglu [33] have quantified sulfonamides (40-400 pg/kg DM) in soils amended
with cattle or chicken manure. Very few papers studied the long-term impact of several
spreading on soil concentration. One recent paper emphasized that even if high concentration
of antibiotics were found in amended fertilizers, no accumulation in soil and few transfer to
soil leachates were observed [22]. These results may be explained by the various dissipation
mechanisms occurring in soils according to the physical and chemical proprieties of
antibiotics (Table 1). Indeed, the majority of antibiotics have low to moderate persistency in
the soil with half-lives comprised between days and months (Table 3). In addition, low (SMX,
SMZ log K,.<3) [34, 35] or high sorption (fluoroquinolones, log K..>3) [22] contributes in
rendering antibiotics more or less available for water and plant transfer. Indeed, under specific
conditions plant uptake have been reported but under field conditions the concentration level
of antibiotics in crops has been found to be very low [30, 36]. Prosser and Sibley [37]
assessing the human health risk of antibiotics in plant tissues due to sludge or manure

amendment concluded to a de minimis risk to human health for individual compound, but
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consider the existence of a risk in the presence of mixtures. [36, 37]. Whatever their behavior
(persistence, mobility, transfert), their presence in the soil may impact organisms and
biodiversity. Batchelder et al. [38] tested the effect of CTC and OTC on the apricot plants
growth in aerated medium. They showed that a low antibiotic concentration can influence the
plant growth. Khadra et al. [39] showed an important genotoxic effect of the quinolones and
fluoroquinolones on Vicia faba root tip, even at low concentrations of antibiotic mixtures.
Antibiotics release was also shown to contribute to the dissemination of the antimicrobial
resistance thanks to a concomitant release of ARB and ARGs implying an enrichment of the

environmental resistome [40].
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Figure 1: Range of antibiotic concentration in raw sludge (a), composted sludge (b), raw manure (c) and composted manure (d) for the four main families, tetracyclines,
sulfonamides, fluoroquinolones and macrolides. Number of data for the boxplots in parentheses. The box corresponds to the 25th and 75th percentiles, the whiskers to the
10th and 90th percentiles, the solid line to the median; outliers are depicted by individual points. Whisker-box plots were drawn if more than 4 values were found. Legend of
molecules: tetracycline (tet), chlortetracycline (chl), doxycycline (doxy), oxytetracycline (oxy), sulfamethazine (slfi), sulfamethoxazole (slfo), trimethoprim (tri),
ciprofloxacine (cip), norfloxacine (nor), ofloxacine (ofl), tylosine (tyl), clarithromycine (clar), roxythromycine (roxy), azithromycine (azi).
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The development of antibiotic resistance still remains a very complex process, and even more
with antibiotic concentrations below the inhibitory threshold. Bacteria can be intrinsically
resistant to certain antibiotics but can also acquire resistance to antibiotics via horizontal gene
transfer [41]. Many researchers have demonstrated that sewage sludge contained large
amounts of resistant genes [42, 43] to tetracyclines [44-49], sulfonamides [49], macrolides
[48] and ARBs that are usually multi-resistant (Escherichia coli or Enterobacteriaceae [50-
53], Enterococcus [54], Peudomonas sp [55], Staphylococcus aureus [56] and Salmonella sp
[57]). ARGs and ARBs are also present in livestock manure [58-62]. ARGs can be readily
disseminated via bacterial division and horizontal gene transfer among bacteria in the
environment [63]. Therefore, a transfer of antibiotics resistance determinant toward bacteria
of human beings including pathogens is established [63]. It has been estimated that antibiotic
resistance is responsible for more than 25,000 and 23,000 deaths every year in the European
Union and the United States respectively [64]. Infections by ARB have an annual cost of 1.5
billion dollars in the European Union [41]. Antibiotics and ARGs are considered as new
contaminants and may pose a potential worldwide human health risk [19, 65, 66]. Therefore,
improving the removal of antibiotics and ARGs from sewage sludge or manure before their

application to soil is necessary.

3. The fate of antibiotics during composting

Several processes used to treat sludge or manure may impact the fate of antibiotics.
Incineration was used to dispose of sludge [67]. However, a large quantity of energy is
required. In addition, high amounts of nutrients are transformed into nitrogen oxides, and
even dioxins are produced during the process. Pasteurization, thermal hydrolysis, advanced
oxidation processes and ammonia treatment can also be used [68]. But the elevated costs of
these processes limit their application. To investigate the fate of antibiotics during sludge or
manure management, anaerobic digestion was also tested in several researches [69, 70]. On
one hand, a significant inhibition of anaerobic digestion was shown at very high antibiotic
concentrations (up to 100 mg/L), for example, by affecting the methane production [71-73],
and on the other hand, a lower antibiotic degrading ability was also observed [74].

Since aerobic system like composting is one of the promising options to manage
contaminated sludge and manure, an overview of the fate of antibiotics and ARGs during this

process is presented below.
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a. Composting
Composting is an aerobic biological decomposition process where pH, C/N ratio, and
moisture are controlled in the initial mixture to be composted. These key factors determine the
microbial development and the organic matter stabilization. Microorganisms growing during
composting reflect the evolution and the performance of the process. The different
communities occurring during composting are: bacteria, actinomycetes, fungi, protozoa or
algae [75]. Composting consists of two main stages. During the thermophilic stage, the
organic matter undergoes firstly a microbial decomposition which liberates CO, and
ammonia. The organic matter degradation is accompanied by a heat release involved in the
elimination of pathogens [76]. At the end of the thermophilic stage, the easily biodegradable
part (sugars, amino acids) is completely mineralized. During the maturation stage, another
part of the less biodegradable organic matter such as lignin serves as a new material to build
molecules leading to humic substances [77, 78]. Regarding the agronomical value of the final

product, composting has been widely used for producing soil amendments [79, 80].

b. The efficiency of antibiotics removal during composting
Composting is an effective approach for stabilizing sludge and manure via the biological
degradation of organic matter. It has also been shown to be effective in reducing the levels of
persistent organic pollutants [81, 82] and certain antibiotics [83-88]. Indeed, the fate of
antibiotics during composting was followed in several studies as summarized in the Table 2.

The main findings on recent studies are summarized hereafter:

e The tetracyclines family is the most studied one followed by sulfonamides, macrolides
and fluoroquinolones;

e 82% of these studies were conducted at laboratory scale using a reactor and only 18%
were carried out by windrowing the compost mixture;

e Only 3 studies were conducted without spiking sludge or manure and the rest was
conducted by spiking sludge before composting at high concentrations varying
between 1 and 150 mg/kg DM;

e The removal rates were calculated by referring to the initial and final concentrations
(expressed in mg or pg per kg of dry matter) without taking into account the compost
mass or ash content evolution during composting;

e Composting showed very high removal for the molecules belonging to the

tetracyclines, sulfonamides and macrolides families with an elimination rate of 70-
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99%. For the fluoroquinolone family, some studies reported an elimination rates up to
99% for the ENR and NOR. In contrast, other studies showed the persistence of NOR,
CIP and OFL in the final compost product;

e The half-lives in days, are calculated on the basis of first order kinetic model and they
varied according to each antibiotic family from 1-105, 2-105, 1-17 and 200-2500

respectively for tetracyclines, macrolides, sulfonamides and fluoroquinolones;

High antibiotics concentrations are often used during these experiments, showing no
inhibition on the organic matter degradation [89, 90] and thus underlying that composting
biomasses are either tolerant to such level or develop resistance mechanisms including
degradation ability. The antibiotic removal was sometimes well correlated to the removal of
several parameters like total organic carbon (TOC), total nitrogen (N), phosphorus (P),
TOC/N, TOC/P and metallic trace elements [90]. However, some authors showed also that the
heat release and organic matter degradation can be delayed by increasing antibiotic
concentration. The effect of antibiotics on composting performances depends on the type of
antibiotic and the level of concentrations. At 35 mg/kg DW, erythromycin affected the peak
temperature while OTC, NOR and TYL did not [91]. In addition, it was shown that high
antibiotics mixture concentrations (50 mg/kg CTC + 10 mg/kg SDZ + 5 mg/kg CIP), delayed
the organic matter decomposition and affected the removal of CIP by comparison to the
complete CTC and SDZ removals [92]. In a more recent study [93], high antibiotics
concentrations (50-250, 20-100 and 10-50 mg/kg DM for tetracyclines, macrolides and
fluoroquinolones respectively) decreased the thermophilic stage duration, temperature
increase and decrease as well as the heat release. Additionally, the efficiency of the
composting system and the compost quality (organic matter degradation and C/N ratio) were
altered for the highest antibiotic concentrations.

The thermophilic conditions occurring during composting seemed to have a huge impact on
the tetracyclines elimination [94, 95]. Arikan et al. [94] showed a very fast removal of CTC at
55°C by comparison to 25°C. It was confirmed by Wu et al. [95] with CTC, OTC and TC
removals of 74%, 92% and 70% respectively during the thermophilic phase. The degradation
kinetics of these three antibiotics fitted with a first order model and allowed to calculate half-
live for CTC, TC and OTC of 8.2, 11 and 10 days, respectively, indicating that CTC was the
more degraded compound [95]. Liu et al. [83] showed similar results for sulfonamides with

highest dissipation rate at high temperature.
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Tableau 2: The fate of antibiotics during composting

Molecules | Disposal of Compost Moisture % (M) Compost Spiking of the Initial Maximal Duration of | Elimination | Parameters related in References
composting mixture and C/N ratio quantities | initial mixture | antibiotics temperature | composting | (%) antibiotics removal
before composting before concentration (&) (days)
composting (mg/kg DW)
OTC Self-heating | Beef manure, M:724 33kg Beefs were 115 60 35 99.8 The basis on the OTC [120]
laboratory sawdust C:N=29 medicated by removal is not known.
composting 22mg/kg/day for After composting, OTC
5 days residues have been
rendered biologically
inactive or unavailable.
CTC Pile and Turkey M : 40% Yes 1.5 60 35 >99 Thermophilic temperature [126]
MNN vessel manure, blend C:N=12.-12.9 11.9 54 resulted in a reduction in
SMZ composting of aspen, 3.7 No CTC, monensin and TYL
shavings and degradation | concentration.
sunflower Biotic and abiotic factors
TYL 10.8 76 contributed to antibiotic
degradation during
composting.
CTC self-heating Manure- M :68.3 3.5kg Beefs were - 55 30 98 Abiotic process is [94]
laboratory Straw- C/N=25.5 medicated by responsible of CTC
composter Woodchips 22mg/kg/day for elimination.
5 days
CTC Lab vessel Broiler and M= 50-60 4 kg No 94.72 (Broiler 55 42 92.59 Antibiotics  depletion is [90]
composter Hog manure Manure) depending on C, N and P
879.6 (Hug 58 27.33 evolution.
manure)
Layer-Hen Yes 50 55 100
manure 100 94.92
150 94.51
CTC Hen manure M= 65 Yes 55 45 98.5 Not indicated [89]
and straw C/N=13.2
Self-heating Pig manure M= 65 60 62 95.7
composter and straw C/N=17.7 45 kg 97.3
(60L) 96.2
OTC Hen manure M= 65% 55 97.2
TC and straw C/N=13.2 55 93.8
CTC Pilot scale Manure- M:56.9 5m’ No 29 55-60 52 74 Antibiotics elimination [95]
composting mushroom C/N=11.02 predominately took place
OTC residues 1.6 92 in the thermophilic stage.
TC Open-air 0.4 70 Transformation  products
windrow indentification
manually
turned
CTC Bench-scale Swine M:55 7kg Yes 50 60-64 56 100 High level of antibiotics [92]
composting manure- C/N=29 5 100 delayed the initial
SDZ conducted in Sawdust Aeration rate: 0.5 10 100 decomposition that also
computer L/kg DW/min 1 affected the  nitrogen
CIP controlled 10 83 mineralization
20-L 1 69
reactors
CTC lab-scale Manure- M:70 30 kg Yes 2 50 40 96 Binding sites resulted in [96]
SMZ composting Sawdut 10 55 99 the reduction of residual
TYL apparatus 20 55 95 antibiotic concentrations.
DOX Plastic Broiler M : 50-60 Skg Yes 13.64 45.7 40 99.80 pH, compost temperature, [99]
containers manure C/N=8 30.64 TOC, TN, C/N ratio, TP,
SDZ 62.57 >99.99 Na, Cr, Cu, Zn, Fe and Cd
are suggested to have a
TYL >99 92 possible effect on the

degradation of antibiotics.
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Tableau 2: The fate of antibiotics during composting

Molecules | Disposal of Compost Moisture % (M) Compost Spiking of the Initial Maximal Duration of | Elimination | Parameters related in References
composting mixture and C/N ratio quantities | initial mixture | antibiotics temperature | composting | (%) antibiotics removal
before composting before concentration (&) (days)
composting (mg/kg DW)
SMZ and Composting | Manure-straw M : 50-60 2 kg Yes 20 55 35 >99.99 Thermophilic stage [83]
SMX containers C:N=22.9 contributes on reducing
sulfonamides.
CTC Small-scale Manure M: 55-65 20-22 Medicated - Upto 55 42 71-84 Static and turned [85]
composting C:N=25-30 hereford steers composting is effective for
TC 66-72 reducing antibiotics.
SMZ 97-98 After composting, some
PMN 100 antibiotics apparently more
recalcitrant than others.
FFC pilot-scale Manure and M: 73 1.7m’ Yes 0.1 66-73 28 95-99 Thermophilic composting [88]
SMX static pile wastewater 0.2 98 effectively degrades parent
SMZ thermophilic | biosolids/woo 0.8 97-99 antibiotic compounds in
TYL composting | d-product (1.3 0.8 96-98 manure and biosolids.
v/v)
CTC Open-air Manure from - - Medicated beef - 40 2 years 94.5-99 composting  leads  to [86]
SMZ windrow beef cattle 59-93.2 dissipation of antibiotics,
TYL 93.7 the microbial composting
process could be inhibited
by the presence of
antibiotics.
Sulfamerazi Manure M: 65 Yes - 64 35 100 Adding conditioners [121]
ne (SM1) (chicken and improved the removal of 4
Sufachlorpyr hog), sawdust 100 kinds of sulfonamides
idazine Cylindrical and rice straw during composting
(SCP) plastic -
Sulfadimoxi | containers 100
ne (SDM”)
Sulfaquinox 94.7
aline (SQ)
CIP windrow Anaerobic - - No 1520™ - 12 months 0.3° The decomposition rate of [122]
NOR sludge mixed 580 0.1° antibiotics depends on the
OFL with peat 134%® 0.03° applied sludge treatment
SDM 73 Nd technology.
SMX 22° 0.01°
CIP Sewage sludge 442" 70°
NOR mixed with 439® 64°
OFL tree bark 157° 8P
SDM 32% nd
SMX 16 2
NOR Windrow Sludge- - Volume No 0.0-110" - 12 months 0.0-22° The degradation of [123]
CIP treebark ratio 2:3 2.6-111° 0.0-20° antibiotics depends on the
OFL 0.5-39® 0.0-3.2° compost mixture.
SMX 0.0-2.8" 0.0-0.9°
SDM 0.0-7.9" 0.0-4.2°
NOR Sludge-peat Volume 0.0-162™ 0.0-5.4°
CIP ratio 4:3 0.0-426" 0.0-7.1°
OFL 0.0-38" 0.0-0.5"
SMX 0.0-6.0" 0.0-0.3"
SDM 0.0-20" 0.0-0.2°

Removals are calculated based on the input and output concentrations of antibiotics
OTC: Oxytetracycline; SMZ: Sulfamethazine; SMX: Sulfamethaxazole; CTC: Chlortetracycline; TC: Tetracycline; PMN: Pirlimycin; FFC: Florfenicol; TYL: Tylosin; DOX: Doxycycline; SDZ: Sulfadiazine;CIP:
Ciprofloxacin; NOR: Norfloxacin; OFL: Ofloxacin; SDM: Sulfadimethoxine; MNS: Monensin; nd: not determined

“: concentrations in sludge before composting; : concentrations expressed by ug/kg DM.
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Tableau 3: Antibiotics half-live during composting of sludge or manure

Families Molecules Half-live (days) References

Tetracyclines CTC 1-86.8 [93, 95, 94]
OTC 3.2-30 [94, 125]
TC 4.5-105 [95, 126, 127]
DOX <350 [22]

Macrolides TYL 19 [124]

2-105 [25, 35, 124]

Sulfonamides SMZ 2.01 and 2.12 [73]
Monensin 17 [87]
SDZ 42-80 [128]
SMX 64-133

Fluoroquinolones NOR, OFL and CIP 217-2500 [22, 129]

CTC: Chlortetracycline;OTC: Oxytetracycline;TC: Tetracycline;DOX: Doxycycline;TYL: Tylosin;
SMZ:  Sulfamethazine;MNS:  Monensin;SDZ:  Sulfadiazine;SMX:  Sulfamethaxazole;NOR:
Norfloxacin;OFL: Ofloxacin;CIP: Ciprofloxacin

The substrates used during composting play an important role regarding antibiotics
elimination. The fate of CTC, SMZ and TYL at 3 concentrations (2, 10 and 20 mg/kg DM)
showed that CTC and SMZ removal depends on the presence of straw but TYL removal did
not [96]. At high temperature, straw provides a wide range of additional biding sites favorable
for the CTC and SMZ adsorption. Antibiotics adsorption on co-substrates (palm rachis matrix
for example) could reduce the bioavailability of antibiotics towards the microorganism
involved during composting, and then explain why composting process was not entirely

inhibited by high antibiotic concentration [93].

The coexistence of other pollutants with antibiotics and their influence on the elimination of
antibiotics during composting was the object of a study carried out by Liu et al. [83]. Indeed,
these authors showed that the dissipation of sulfonamides was slightly delayed in the presence
of 2000 mg/kg of copper. This inhibitory effect could be explained by the toxicity of copper

to microorganisms involved in the sulfonamides degradation.

c¢. The mechanisms of elimination of antibiotics during composting
The physicochemical properties of antibiotics (Table 1) drive their fate (persistence, mobility)
during composting. Moreover the physicochemical conditions and the degradation of organic
matter occurring during the composting process may influence the fate of these molecules by

changing their availability, i.e., their chemical form and their interactions with the organo-
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mineral matrix. Indeed, several processes could be implied in their removal, i.e.,
volatilization, abiotic and biotic transformation, mineralization, sequestration (formation of
bound residues, non-extractible by the analytical methods). On the described literature in
Table 2, very few papers provide information on the mechanisms of antibiotics elimination,
for example by using abiotic controlled reactors (to assess abiotic transformation or
sequestration), or radiolabeled compounds (mineralization proved by production of
radiolabeled carbon dioxide, quantification of non-extractible residues), by quantifying
transformation products. For Wu et al. [95], the removal of tetracyclines, which are
considered unstable because of their chemical structure, could be linked to abiotic
transformations like epimerization or dehydration. In this work, the transformation products
(4-epichlortetracycline,  4-epioxytetracycline, = 4-epitetracycline,  anhydrotetracycline
demeclocycline) were quantified and their removal also assessed. In the experiment of Kim et
al. [96], the addition of sawdust to manure composting had a significantly positive effect on
the removal of CTC; the authors hypothesized that sorption plays a main role in this removal
due to great quantity of divalent cations present in these organic matrices and the possible
formation of chelates complexes with organic substances. In counterpart, TYL do not form
complexes with metal ions, but can form strong chemical bonds with negatively charged
compounds in manure [96], accelerating the decline of the extractible antibiotic levels. Paesen
et al. [97] described the hydrolysis of A-TYL to B-TYL under acid conditions. Under neutral
and alkaline conditions, the compound produces TYL-A-aldol at the same time as other polar
decomposition products. The hydrolysis of TYL is reported to be high over the whole pH
range from 2 to 13. For the sulfonamides, the decline in concentration of these molecules
could be linked to the presence of organic substances, which generate adsorption sites at high
temperatures during the composting process rendering them less extractible [98]. Humic
substances play also an important role in the elimination of antibiotics. The production of
humic substances leads to the sequestration of antibiotics within organic and inorganic matter
that render them less extractable as hypothesized by Ho et al. [99] for various antibiotics

during 40 days broiler manure composting.

The processes involved in antibiotics removal still remained not elucidated. Biodegradation
could be responsible of the antibiotics decrease. Elsewhere, there is no study highlighting the
real antibiotics biotransformation as a result of organic matter mineralization. Some abiotic

processes could be also implied such as sequestration and/or chemical transformation. Indeed,
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biotic and abiotic processes are two concomitant removal pathways that have to be elucidated

to gain better understanding and propose process optimization strategies.

4. The fate of antibiotics resistance genes during composting

Several researches investigated the fate of ARGs during composting (Table 4).These studies

focused on the most important parameters involved in the ARGs removal during the

composting of sludge or manure. A brief resume of the studied conditions is presented

hereafter:

4 studies were conducted on sewage sludge whereas 20 studies were focused on
different types of manure (swine, chicken, cattle, poultry, pig, cow, duck, bovine and
dairy manure);

The composting experiments were mainly conducted with lab-scale reactors and a
duration ranging between 4 and 183 days;

The most used co-substrates during the composting of sludge or manure are
mushrooms, composting end-products, sawdust, rice straw, wheat stalks, wheat straw,
medicinal herbal residues and cotton stalks;

ARGs conferring resistance to tetracyclines, sulfonamides, macrolides,
fluoroquinolones and [-lactam are the most studied;

To assess the fate of ARGs during composting, their removals are expressed in
percentage (%) or by calculating the absolute or relative abundance (logs units,

copies/16S rRNA, copies/g TS or copies/g DM);

The main outcomes are:

The addition of antibiotics, surfactants (biological or chemical), natural zeolite,
biochar or metallic trace-elements are able to control the ARGs abundance and
removal during composting;

The bacterial communities, the abundance of transposons and horizontal gene transfer
are some keys parameters implied in the ARGs removal.

The composting stages (mesophilic, thermophilic and cooling phases) and their
duration as well as physicochemical parameters (pH, moisture, ammonium nitrogen,

and water-soluble carbon contents) play a crucial role regarding the ARGs removal.
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e Some studies showed the effectiveness of composting on the ARGs removal but other
ones showed the persistence and the increase of the concentrations of some ARGs

after composting.

In the study of Selvam et al. [100], sulfonamides, tetracyclines and fluoroquinolones
resistance genes represented respectively 10.28, 1.91 and 0.00022% of the 16S rDNA copies
in the initial compost. After 42 days of composting, no ARGs were detected for the studied
antibiotics. Yu et al. [101] found also a complete removal of tetracycline ARGs for the
ribosomal protection protein groups in swine manure compost, and a reduction of 6 logs for
others belonging to the “‘efflux” group. In the same way, Chen et al. [40] reported a reduction
(7.3 logs) in the abundance of erythromycin ARGs during swine manure. Wang et al. [103]
reported a partial removal of the tetracyclines ARGs (2.4 log copies/g DM) especially in the
thermophilic stage (1.5 log copies/g DM). In these papers, a positive correlation was found
between the ARGs reduction during composting and the temperature [100, 102-106].
Additionally, temperature was identified as an important parameter related to the transfer of a
mobile plasmid (pIE732) [107]. In this study, chicken manure and compost were incubated
separately at 23 and 50°C. The plasmid transfer from E. coli occurred in manure and compost
at 23°C. At 50°C, plasmid transfer was not confirmed suggesting that the thermophilic stage

is a main contributor in reducing (i) ARGs transfer and (ii) pathogen bacteria’s.

Other studies showed contradictory results. Indeed, while a removal of 100% for OTC and
SMZ was reached during swine manure composting, a proliferation of the corresponding
ARGs was observed by Wang et al. [108]. Another recent study conducted by Kang et al.
[109] showed that the short-term thermophilic compost treatment could not remove the TC

resistance genes in pig manure.

The presence of heavy metals in sludge or manure at high level [110, 111] is considered as a
co-selection factor for ARGs reduction [112-115]. ARGs come into contact with heavy metals
which could drive the selection and the evolution (increase/decrease) of antibiotic resistance
bacteria [116]. The bioavailable fraction of heavy metals acts as a selective pressure on
microbes [117]. Using a co-substrate such as biochar or superabsorbent polymers (sodium
poly-acrylate) during composting could help to adsorb heavy metals, decreasing their
availability and then contributing to reduce the selective pressure on antibiotic resistance
bacteria [118, 119]. Nevertheless, the mechanisms involved on the dynamics of ARGs in the

presence of heavy metals during composting are still unclear.
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Tableau 4: Synthesis on recent studies on the fate of antibiotic resistance genes during composting of sludge or manure (AA: absolute abundance; RA: relative abundance)

Antibiotic resistance genes (ARGs) Compost mixture Composting conditions Antibiotics Initial concentrations of Fate of ARGs after composting Key parameters implied in the ARGs References
Spiking of the ARGs removal
initial mixture
Tetracycline (tetG, tetW and tetX) -Dewatered sewage sludge | -Lab-scale composting reactor No - -The total ARGs copies were enriched 2.04 | -Addition of natural zeolite; [60]
Sulfonamide (sull and sulll) and mushrooms -Three composting experiments: and 1.95 times in reactors A and C. -The thermophilic and cooling stages;
Fluoroquinolone (aac(60)-Ib-cr) -Compost mixture | the control (A), natural zeolite -The total ARGs copies were reduced by | -The bacterial community structure and
B-lactam (blaCTX-M and blaTEM) quantity: 45kg (at a ratio of | addition (B) and nitrification 1.5% in the reactor B. changes.
Macrolide (ereA, ermB, ermF and mefA). 1:3 (v/v)) inhibitor addition (C). -Some ARGs were reduced by 0.3-2 logs,
-Composting duration: 183 days while others increased by 0.3-1.3 logs after
composting.
Tetracycline (tetA, tetB, tetC, tetG, tetL, tetM, tetQ, -Dewatered sewage sludge | -Industrial hyperthermophilic and | No -Tetracycline and | -The RAs of ARGs were of 0.05 and 0.14 -Hyperthermophilic condition. [103]
tetO, tetW, and tetX) mixed with composting | conventional composting in piles. sulfonamide  (the most | copies/16S rRNA genes respectively after
Macrolide (ermB, ermF, ermT, ermX, mefA, and ereA) end-products at a ratio of | -Composting duration: 45 days dominant ARGs): huperthermophilic and conventional
Aminoglycoside (aacA4, aadA, aadB, aadE, aphAl, 1:3 (v/v). 5.1x10"" and 1.1x10'° gene | composting.
strA, and strB) Sulfonamide (sull, sul2, and sul3). -Compost mixture copies per gram (dry
quantity: 200 tons weight) in the initial raw
sludge.
23 ARGs encoding tetracyclines, sulfonamides, -Sewage sludge -Lab-scale thermophilic No - Removal efficiency (%): -Thermophilic composting; [106]
quinolones, B-lactam antibiotics, macrolides, florfenicol composting reactor. Tetracycline -Combining thermophilic composting
and multidrug resistance -Composting duration: 15 days tetA,50.03; tetB, 100; tetD,92.00; tetE,100; with anaerobic digestion.
tetG,85.23; tetH,66.41;
tetM,62.36;tet(Q,98.10;
tetX,83.43 ;tetZ,63.70;
tetBP,100 ;tcrB,100
Sulfonamides: su/1,93.93; sui2,97.17
Quinolones: gnrS,N.A; gnrD,97.28;
aac (6')-1b-cr,81.61
Macrolides: ermB,20.39; ermC,N.A.
Beta-lactam: blaTEM,96.18; blaCTX,100;
blaSHV,80.02
Florfenicol: floR 80.12
Multidrug: ogxA 63.39
156 ARGs and MGEs conferring resistance to a broad | -Dewatered sewage sludge, | -Lab-scale composting in-vessel. No - -The ARGs were significantly higher at the | -Bacterial phylogenetic; compositions. [133]
range of antibiotics (tetracyclines, multidrug, macrolide, | sawdust and rice straw. -Composting duration: 50 days last stage of composting.
lincosamide, streptogramin B and -The enrichment of ARGs was observed
Aminoglycosides) during composting.
Tetracycline (tetM, tetO, tetQ, tetS, tetT, tetWtetB/P; -Swine manure and | -Lab-scale reactor Yes -Resistance genes of | No detection of ARGs except parC -Thermophilic stage; [100]
tetC, tetE, tetG, tetH, tetYandtetZ) Sulfonamide (sull, sawdust mixed at a ratio of | -Composting duration: 56 days tetracycline, -The addition of antibiotics;
sul2, sul3, dfrAl, drfA2 and drfA7) 1:1 (v/v). (Spiking at two | sulfonamide and -The bacterial diversity.
Fluoroquinolone (gyrA and parC) levels) fluoroquinolone represented
0.02-1.91, 0.67-10.28 and
0.00005-0.0002%,
respectively, of the total
16S rDNA copies in the
initial compost mass.
Tetracycline (tetA, tetB, tetC, tetL, tetO, tetM, tetW and | -Swine manure mushroom | -Two windrows by adding the red | No - -ARGs in swine manure were removed | -Bacterial community; [102]
tetX). and red mud. mud (RM) and a control (CK) after composting (by 2.4 log -The addition of red mud.
-The windrow size is about | without adding the red mud. copies/g TS), especially during the
27 m’, -Composting duration: 53 days thermophilic stage (by 1.5 log copies/g TS)
Tetracycline (tetC, tetG, tetW, and tetX), sulfonamide -Chicken manure (C), -Lab-scale reactor. No - - RAs of tetC, tetG, -Temperature; [118]
(sull, sul2, dfrAl, and dfrA7) Macrolide (ermB, ermF, wheat stalks (K) and -3 different proportions of BC tetW, tetX, sul2, drfAl, drfA7, ermB, ermF, -Adding biochar.
ermQ, and ermX). bamboo charcoal (BC). -Composting duration: 26 days ermQ, and ermX decreased by 21.6-99.5%,
-Compost mixture while the RA of sull increased by 7.5-17.7
quantity: 3 kg times.
- RAs of ARGs (except su/l) in the mixture
CK showed an elimination of 0.85 logs.
-Adding 5, 10 and 20% of BC in the CK
mixture increased the average reductions in
the RAs of ARGs by 1.05, 1.08, and 1.15
logs, respectively.
Tetracycline (tetC, tetG, tetQ, tetW, and tetX), -Swine manure and wheat | -Lab-scale composting reactor. No -AAs of ARGs in the initial | -The AAs of all the ARGs detected in the | -pH, moisture and bacterial community; [119]

Sulfonamide (sull, sul2, and dfrA7)
Macrolide (ermF, ermQ, and ermX)
Quinolone (gnrS, gnrD, and aac(6')-ib-cr).

straw mixture at a ratio of
1:1 (v/v).

-Sodium polyacrylate (SP) was
added at two levels + control
without SP (CK).

-Composting duration: 35 days

material were ranged from
107 to 10" copies g”! DW.

CK decreased by 8.12-96.70%.

-Greater reductions in the AAs of ARGs
were obtained in the H treatment than the
other two treatments.

-Addition of sodium polyacrylate.
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144 ARGs encoding potential resistance to macrolide, -Cattle manure and | -Conventional composting by No -The average number of | -The average number of ARGs in mature | -The thermophilic stage; [130]
lincosamide, streptogramin B, aminoglycoside, sawdust. windrow. ARGs in raw manure: | compost:71.3 -Sawdust addition;
multidrug, tetracycline, and p-lactam. 103.3 -Bacterial community.
Tetracycline (terA, tetB, tetC, tetE, tetG, tetM, tetO, -Swine manure medicinal | -Laboratory-scale composting. No - -The AAs ofaac(60)-1b-cr and tetW -MHRs; [131]
tetQ, tetT, tetW, and tetX) herbal residues (MHRs) | -Two composting experiment decreased in both of the final composting -Changes in the microbial communities.
Sulfonamide (sull, sul2, sulA, dfrAl, and dfrA7) and wheat straw. -Composting duration: 40 days products by 1.29 and 1.82 logs in SW,
Macrolide (ermA, ermB, ermC, ermF, ermQ, ermT, and | -Compost mixture respectively, and 2.10 logs and 2.82 logs in
ermX) quantity: 5 kg SWC.
Fluoroquinolone (aac(60)-1b-cr, gyrA, parC, gnrC, and -The AAs of intl, tetG, gnrA, and gnrS
gnrs). increased by 1.56, 2.08, 3.16, and 3.25
times in SW, respectively, but they
decreased by 34.1-84.0% in SWC.
ARGs conferring resistance to multidrug, -Cattle, poultry, and swine | -Large-scale commercial | No -Abundance of ARGs in | -Abundances in the final cattle and poultry | -Thermophilic composting ; [104]
aminoglycoside, betalactam, tetracycline, vancomycin, manure mixed with rice | composting. raw cattle and poultry | mature composts : 0.2 and 1.8 copies -Some ARGs persist after composting;
macrolide, lincosamide and streptogramin B, straw. manure: 1.9 and 5.5 -Optimal conditions and composting
fluoroquinolone, chloramphenicol and sulfonamides. copies/cell. duration.
Tetracycline (tetA, tetB, tetC, tetE, tetG, tetK, tetL, tetM, | -Pig manure and sawdust -Polymethyl methacrylate Yes - -The total ARGs copies number reduction -Microbial community. [132]
tetO, tetQ, tetW and tetX) (ratio of 5 :1 (v/v)). reactors. was 0.21, 0.34 and 0.11 logs, respectively,
Sulfonamide (sull, sulll and sullll) -Composting duration: 90 days Manure was in CK, T1 and T2.
Fluoroquinolone (gyrA, gyrB,parC and parE) -Compost mixture spiked by CTC
Macrolides (ermB, ermC,ermEandermF). quantity: 8.5 kg at two levels
Macrolide (ermB, ermF, erm(Q, ermT, and ermX) | -Cotton stalks and pig | -Composting chamber No - -The AAs of ARGs, intll, and intl2 were | -Temperature and ammonium nitrogen. [105]
Tetracycline (tetC and tetX) manure -Two treatment : pig manure with reduced by 41.7 and 45.0% in the non-GM
Sulfonamide (sulland sul2) GM or non-GM and GM experiments respectively.
-Composting duration: 40 days
Tetracyclines (tetA, tetB, tetL, tetM, tetW, tetQ, tetO and | -Rice straw biochar (RSB), | -Lab-scale composting reactor No - -The average removal rate of ARGs was | -The Microbial community ; [115]
tetX), sulfonamide (sul// and sul2) and chloramphenicol | mushroom biochar (MB) | -Three composting experiments 0.86 log units in CM. -The bio-availability of heavy metals.
(fexA, floR,cmlA, cfr and fexB) and chicken manure were carried out:  composting -The average removal rate was 0.61 and
-Compost mixture | with RSB, MB and a control 1.49 log units in (CM + RSB) and (CM +
quantity: 5 kg without biochar (CM) MB) respectively.
-Composting duration: 42 days
Tetracycline (tetA, tetB, tetC, tetE, tetG, tetM, tetO, -Cow manure and straw | -Conventional composting by Yes - - The RAs of tetC, tetX, sull, sul2, and intll | -The bacterial community; [134]
tetQ, tetT, tetW, and tetX) mixed at a ratio of 4:1 | windrow. increased 243 times, while those of fetQ, | -Composting was not effective in
Sulfonamide (sull, sul2, sulA, dfrAl, and dfrA7). (vIv). -Composting duration: 40 days The cow tetM, and tetW decreased by 44-99%. reducing most of the ARGs.
manure was
spiked by OTC -The OTC addition increased the AAs and
at 3 levels RAs of tetC and intll, while the highest
concentration (200 mg/kg) of OTC also
enhanced those of tetM, tetQ, and drfA7.
Tetracycline (tetC, tetG, tetM, tetQ, tetW, and tetX), -Wheat straw and chicken | -Rectangular No - -The RAs of ARGs and intl1 were reduced | -Temperature and the water-soluble | [135]
Sulfonamide (sull, sul2, and dfrA7) manure, bubble boxes. by 1-4.7, 0.8-3.7 and 0.3-2.6 logs with the | carbon contents;
Macrolide (ermB, ermF, and ermX) bio-surfactant -Composting duration: 30 days addition of Tw, RL and in the control | -RL and Tw.
Quinolone (aac(60)-1b-cr). (rhamnolipid, experiments.
RL) and chemical
surfactant (Tween 80, Tw)
12 ARGS (tetB, tetL, tetM, tetW, tetQ, tetX; sull, -Pig and duck manure, | -Rectangular foam container. Yes -Total abundance of ARGs -The average removal of ARGS was 2.56 - Biochar addition; [136]
sul2,cfr, cmlA, fexA, andfloR) sawdust, rice straw biochar | -Composting duration: 42 days was 3.75x10°! copies/g and 2.09 log units in duck and pig manure - The type of biochar and manure.
(RSB) and mushroom Animal feeding | (duck manure) whichis 3.7 | compost.
biochar (MB). operations times higher than in pig
manure.
Tetracycline (tetB, tetC, tetM, tetO, tetT, and tetZ) -Pig manure -Petri dishes were incubated at | Yes - - - Thermophilic composting cannot [109]
60°C remove tetracycline resistance genes in
-Thermophilic composting | Animal feeding pig manures.
duration: 4 days operations
blay,, tet(tM), sull, sul2, ermB -Chicken manure -Composting heap Yes - - -Colistin administration had no impact on | [137]
-Composting duration: 6 weeks the ARGs;
Animal feeding -Composting is insufficient to eliminate
operations ARGs.
109 ARGs conferring resistance to aminoglycoside, -Bovine, chicken and pig | -Industrial composting using 12 - -The total abundances -The total abundances (copies/16S rRNA) -Animal species, the abundance of | [138]

MLSB, tetracycline, B-lactame, multidrug, vancomycin,
chloramphenicol, sulfonamide.

manure

different composting mixtures
-Composting duration: 15-90 days

(copies/16S rRNA) in
bovine, chicken, and pig
manure were 0.08-0.28,
1.71-3.07, and 0.54-1.49
respectively

were 0.06-0.52, 0.08-0.36,and 0.11-1.17 in
bovine, chicken, and pig composts
respectively

transposons, heavy metal concentration,
total nitrogen level, dosage and duration
of exposure to antibiotics;
-Some ARGs were

composting, but other
inconsistently influenced.

after
were

reduced
ARGs
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Tetracycline (terA, tetB/P, tetC, tetE, tetG, tetM, tetO, -Dairy manure and wheat | -Composting incubator - - -The abundances of the detected ARGs -Thermophilic and mature phase of | [139]
tetQ, tetT, tetW, and tetX) straw -Composting duration: 40 days ranged from 6.2 composting;
Sulfonamide (sull, sul2, sulA, dfrAl, and dfrA7) x 10° to 1.1 x 10" copies per gram dry -Bacterial succession and horizontal gene
Fluoroquinolone (gyrA, parC, gnrA, gnrC, gnrS, and compost transfer.
aac(6')-ib-cr)
Macrolide (ermB and erm(Q)
Tetracycline (tetB, tetC, tetL, tetM, tetW) -Cattle manure -Lab-scale composter Feed and | -7.39, 8.14, 7.68, 9.23, 9.63, | -10.58, 7.60, 10.92, 5.43, 8.12, 6.61, 7.95, -Oral administration; [140]
Erythromycin( ermA, ermB, ermF, ermX) -Composting duration: 30 days fortified 8.63,7.42,8.01, 8.25,9.31 10.06, 8.87, 8.80 and 8.64 Log;,copies g -Antimicrobial concentrations;
Sulfamethazine( sull, sul2) treatments and 9.38 Log;ycopies g dry | dry matter respectively for tetB, tetC, tetL, -Mesophilic and thermophilic
matter respectively for tetB, | tetM, tetW, temperatures;
tetC, tetL, ermA, ermB, ermF, ermX, sull and sul2. -Longer thermophilic composting period.
tetM, tetW, (concentration of 16S rDNA)
ermA, ermB, ermF, ermX,
sull and sul2.
(concentration of 16S
rDNA)
tetM, tetO, tetQ, tetW, tetA, tetC, tetG, tetL, tetX, sull -Swine manure -Composting piles Yes - - -Horizontal gene transfers; [109]
and sul2. -Composting duration: 32 days -Antibiotics concentrations;
Manure was -Thermophilic composting failed to
spiked by SMN prevent the proliferation of ARGs.
and OTC
Macrolide (ermA and ermB) -Swine manure and wheat | -Lab-scale composter No - -The AAs were decreased for -Temperature; [141]
straw -Composting duration: 35 days ermA (0.4-1.2 logs) and ermB (1.2-1.6 -Bacterial community;
logs). -Copper addition.
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Several studies confirmed that some ARGs were partially eliminated after composting and
elucidated the contribution of high temperature, microbial community composition/changes
and composting duration. Other ones concluded that the presence and the availability of other
pollutants, such as heavy metals, could affect either their increase or their reduction. Hence,
the fate of ARGs during sludge or manure composting still remains unclear and needs more
detailed researches to determine optimizing removal strategies.
5. Conclusions and perspectives

The use of antibiotics in human or veterinary medicine is continuously increasing and leads to
the emergence of these molecules as well as ARGs and ARB on the whole environment
compartments. The consequences on human health can involve countless deaths. The research
on the mobility, the persistence, and the mechanisms of antibiotics elimination is still in
progress. Although, developing common tools to assess the environmental proliferation or
attenuation of antibiotic resistances and their impact on the environment and health is
recommended.

Composting is a promising solution to eliminate or reduce the discharge of antibiotics and
ARGs. However, lot of studies were conducted at lab-scale under controlled conditions with
very high antibiotics concentration (often spiked) and none of them elucidate the real
mechanisms behind the removal performances, i.e., biotic or abiotic transformations, bound
residues formation. This literature review highlighted the importance of process management
(temperature, co-composting substrates) regarding the fate of antibiotics and ARGs. More
research is still needed to better understand the driving mechanisms during antibiotics and
ARGs removal as well as their interactions. This better understanding is a prerequisite for
identifying better but compromised process management practices that simultaneously target
antibiotics and ARGs in order to reduce their load to the environment. The increase of the
composting period can leave more time for antibiotics degradation especially during the
maturation stage but may lead to proliferation of ARGs. Regarding the major role of sludge
and manure land application in the dissemination of antibiotics and ARGs and the related
environment and health issues, the establishment of standards regarding the authorized levels
of antibiotics in sludge, manure and compost before the direct land application should be

considered.
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1. Sample preparation
After compost sampling, sub-samples were kept usually at -20°C during the storage phase.
Before the extraction process, it is necessary that sub-samples be stored at the ambient
temperature. To avoid the adsorption of antibiotics onto silanol groups, it is recommended
that glasswares were dried or rinsed with Na,EDTA before use (Hamscher et al., 2002; Yang
et al., 2005 ; Castiglioni et al., 2005 ; Batt and Aga, 2005 ; Gros and Petrovic, 2009; Moreno-
Bondi et al., 2009; Ho et al., 2012).

Sub-samples require pretreatment to enhance the extraction. Elimination of water can be
achieved by drying the solid matrix at 60, 100 or 105°C for 24 or 72 h (Golet et al., 2002;
Gobel et al., 2005; Ho et al., 2012; Kim et al., 2012). The lyophilization is also used, but some
extraction methods used directly fresh samples (Meesters and Schroder 2002; Moreno-Bondi
et al., 2009 ; Li et al., 2013; Pamreddy et al., 2013). The best option is lyophilization because
antibiotics are not degraded or evaporated (Meesters and Schroder, 2002). Sample
homogenization is obtained by grinding and the fraction that is less than 2 mm, 0.5 mm or
100 pm is used directly during the extraction process (Moreno-Bondi et al., 2009; Andreu et
al., 2009; Wu et al., 2011; Li et al., 2013).

In some studies, sub-samples could be spiked before the extraction. The spiking step is
conducted using a stock mixture of the target compounds in solvent (methanol or acetonitrile)
and then mixing with the sub-samples. To ensure adsorption equilibrium and to allow
complete evaporation of the solvent, the mixtures sample-antibiotics are kept under frequent
homogenization at room temperature. It is recommended that sub-samples be stored in the
dark prior the extraction (Golet et al., 2002; Gobel et al., 2005; Moreno-Bondi et al., 2009).
2. Methods of extraction

Various extraction techniques were developed for solid samples such as soxhlet extraction,
shaking extraction, ultrasonic extraction, microwave-assisted extraction and QuEChERS
(Quick, Easy, Cheap, Effective, Rugged, and Safe) (Zuloaga et al., 2012; Lindholm-Lehto et
al., 2016). The extraction of antibiotics from sludge or compost is affected by various
adsorption mechanisms such as hydrogen bonding, cationic exchange, hydrophobic
interactions and complexation involved during the retention of antibiotics in the solid phase
(Pamreddy et al,. 2013). So, the accessibility to antibiotics during their extraction could be
more difficult and needs a robust and aggressive technique such as the pressurized-liquid
extraction (PLE). PLE, which is commonly known as accelerated solvent extraction (ASE),
was already used for the antibiotics extraction from sludge, compost or soil (Golet et al.,
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2002; Jacobsen et al., 2004; Stoob et al., 2006; Lillenberg et al., 2009; Nieto et al., 2010; Ding
et al., 2010).

To provide good recoveries, PLE is conducted at optimal conditions including temperature,
pressure, solvent of extraction and static cycles. Before the extraction process, sub-sample are
thoroughly mixed with selected sorbents (quartz sand for example) in order to obtain
optimum pressure conditions, to increase contact surface area between compost and solvents
and to prevent the overflow of the extraction cell (Pamreddy et al., 2013). The sub-sample and
the selected sorbents were placed in a metal cell (6, 11 or 22 ml) lined with glass fiber filters.
The cell is transferred to the oven of the apparatus and sealed under pressure before being
heated and pressurized. After preheating, the cell is filled with solvent and kept at a set
temperature, pressure and static time. High pressure is used to allow the use of solvent at

temperature higher than its normal boiling point, and thus improving the extraction rate.

The extraction of antibiotic from complex matrix such as sludge or compost is conducted by
using a wide variety of solvent mixtures. Many of those mixtures combine water with other
solvent as in the case of water-acetonitrile or water:methanol for the extraction of
sulfonamides, tetracyclines and macrolides (Nieto et al., 2007; Ding et al., 2010 ; Garcia-
Galén et al., 2013; Pamreddy et al., 2013; Jelic et al., 2009 ; Li et al., 2013). In some studies
acidified water was used for the extraction of tetracyclines and sulfonamides (Pamreddy et al.,
2013). Other solvents mixtures were used to extract antibiotics such as MeOH-citric acid for
tetracyclines and sulfonamides (Pamreddy et al., 2013), MeOH-Mcllvaine buffer for
quinolones (Dorival-Garci'a et al., 2013), MeOH-acetone for sulfonamides (Silvia et al.,
2006), phosphoric acid-acetonitrile for fluoroquinolones, tetracyclines and sulfonamides

(Golet et al., 2002; Lillenberg et al., 2009).

Other particular variables of PLE that are mostly studied are temperature, pressure, number
and time of static cycles. In the case of the temperature, the range found in the literature is
within room temperature and 100 °C (Golet et al., 2002; Gobel et al., 2005; Silvia et al.,
2006; Nieto et al., 2007; Jelic et al., 2009; Ding et al., 2010; Garcia-Galan et al., 2013; N.
Dorival-Garci‘a et al., 2013; Li et al.,, 2013). In order to avoid hydrolysis and thermal
degradation of certain analytes, extraction was carried out at room temperature (Pamreddy et
al., 2013). In same case, strong interactions with solid matrix and some antibiotics
compounds, especially those belonging to the FQs family, lead to use high temperature until

110°C (Lillenberg et al., 2009).
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In the case of extraction pressure, this is set around 100 bars, while static extraction time is
usually within 1-15 min, although 5 min of extraction time is mostly used. In the case of
extraction cycles, from 1 to 5 cycles are mostly used. The combination of 3 extraction cycles
of 5 or 15 min is very common (Table. 5).
3. Clean-up procedures

Extraction techniques, such as ASE, are not selective and therefore a clean-up step is
recommended. Sulfur elimination, solid-phase extraction (SPE), gel permeation extraction
(GPC), combined extraction and clean-up in selective pressurized liquid extraction (SPLE)
and other clean-up approaches are used.

Generally, all extraction methods of antibiotics that are carried out using the ASE are usually
followed by a SPE. This clean-up step is conducted using HLB (Hydrophilic—Lipophilic
Balance) and SAX (Strong Anion Exchange) cartridges (Andreu et al., 2009; Akin Karci et
al., 2009; Huang et al., 2010). Oasis HLB is one of the most widely utilized sorbent for
pharmaceutical extraction in solid environmental samples. This is mainly due to its
hydrophilic—lipophilic balance properties, efficient in the extraction of a wide range of acidic,
basic and neutral compounds from various matrices. Some procedures combine two
cartridges, one containing SAX to remove organic matter and the other one using HLB (Table
1). The SPE involves conditioning of cartridge with methanol, EDTA buffer or ultra-pure
water. The cartridge is eluted by methanol, ethyl acetate, or methanolic oxalic acid, and then
the eluate is concentrated under a flow of nitrogen before analysis (Blackwell et al., 2004;

Kim et al., 2012; Garcia-Galan et al., 2013; Dorival-Garci’a et al., 2013; Li 2013).
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Tableau 5: Synthesis of the analytical approach based on accelerated solvent extraction for antibiotic determination in sludge

Analyte Sample type | Extraction conditions Clean-up Analysis conditions Method stability and Recovery (%) Ref.
precision
Sulfonamides Sewage -ASE 300 SPE : Oasis HLB -LC-MS/MS -RSD : <23% 60-130 Garcia-Galadn
sludge -Sub-sample : 2g cartridges -Separation : C;g LC-column -MLODs : 0.03-2.23 ng/g et al., 2013
-Solvents : ACN-water (25 :75, v/v) -Eluent A : Acidified water
-Temperature : 50°C -Eluent B : ACN with HCOOH
-Pressure : 1500 psi -Mass analyses : Tripe-quadruple
-3 static cycles of 5 min spectrometer
-lonisation : ESI+
-Acquisition mode : SRM
Tetracyclines Sewage -ASE 150 SPE : hydrophilic— -LC-MS/MS -RSD : 0.7-18% 90.4-99.9 (sulfonamides) Pamreddy et
Sulfonamides sludge -Sub-sample : 0.2g lipophilic balance -Separation : C;g LC-column -MLQODs : 0.6-4.2 ng/g 96.2-100.9 (tetracyclines) al., 2013
-Solvents :ACN-water, MeOH-citric acid, cartridges -Eluent A : 1% acetic acid- water (sulfonamides) , 3.2-13 ng/g
acidified water -Eluent B : Methanol (tetracyclines)
-Temperature : room temperature -Mass analyses : Tripe-quadruple
-Pressure : 1500 psi spectrometer
-2 static cycles of 13 min -lonisation : ESI+
-Acquisition mode : MRM
Quinolones Sewage -Sub-sample : 0.5 g The extracts were -LC-MS/MS -RSD : < 7% 90.4-94.6 Dorival-
sludge -Solvents : MeOH-Mcllvaine buffer centrifuged and the -Separation : C;3 LC-column -MLODs : 2-5 ng/g Garci’aet al.,
(50:50; v/v, pH=3) supernatants were -Eluent A : acidified water 2013
-Temperature : 86°C directly injected into | -Eluent B : Methanol
-Pressure : 1000 psi the LC -Mass analyses : Tripe-quadruple
-5 static cycles of 5 min spectrometer
-lonisation : ESI+
-Acquisition mode : SRM
Tetracyclines Sewage -ASE 200 SPE : HLB cartridge | -LC-MS/MS LODs : 4.6-146 ng/g 49-68 (tetracyclines) Ding et al.,
Sulfonamides sludge -Sub-sample : 0.5 g -Separation : C;3 LC-column (tetracyclines) 64-98 (sulfonamides) 2010
other -Solvents : ACN-water -Eluent A : water 0.6-1 ng/g (sulfonamides) 77-88 (other
pharmaceuticals (7:3; vIv) -Eluent B : ACN pharmaceuticals)
compound -Temperature : 100°C -Mass analyses : Tripe-quadruple
-Pressure : 1000 psi spectrometer
-3 static cycles of 15 min
Fluoroquinolones Sewage -Sub-sample : 0.5 g MPC disk cartridges | Liquid chromatography fluorescence -RSD : 8-11% 82-94 Golet et al.,
sludge -Solvents : phosphoric acid-ACN detection (LC-FLD) -LOQ: 0.45 ng/g 2002
(1:1; v/v)
-Temperature : 100°C
-Pressure : 1000 psi
-3 static cycles of 15 min
Fluoroquinolones Sewage -Sub-sample : 9 g SPE : SCX and HLB | -LC-MS/MS -RSD : < 5.06% 59-98 (fluoroquinolones) Lillenberg et
Tetracyclines sludge -Solvents : 0.35% phosphoric acid and ACN cartridges -Separation : C;3 LC-column -LOQ : 0.1-160 ng/g 95 TC (tetracyclines) al., 2009
Sulfonamides -Temperature : 100-110°C -Eluent A : methanol 43-96 (sulfonamides)
-Pressure : 100-110 atm -Eluent B : ammonium buffer
-5 static cycles of 10 min
Sulfonamides Sewage -ASE 200 SPE : Oasis HLB -LC-MS/MS LOQ : 3-41 ng/g 78-142 Gobel et al.,
Macroldies sludge -Sub-sample : 200 mg -Separation : C;g LC-column 2005
-Solvents : Water-MeOH (50 :50, v/v) -Eluent : MeOH-acidified water
-Temperature : 100°C -Mass analyses : Tripe-quadruple
-Pressure : 100 bar spectrometer
-2 static cycles of 5 min -Ionisation : ESI+
-Acquisition mode : MRM
Sulfonamides Sludge -ASE 200 SPE : Oasis HLB -LC-MS/MS LOQ: 5 pg/g—0.6 ng/g 1-104 Silviaet al.,

-Sub-sample: 5 g

-Separation : C;g LC-column

2006
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Tableau 5: Synthesis of the analytical approach based on accelerated solvent extraction for antibiotic determination in sludge

Analyte Sample type | Extraction conditions Clean-up Analysis conditions Method stability and Recovery (%) Ref.
precision
-Solvents : Acetone-MeOH (50 :50, v/v) -Eluent A: Acidified water
-Temperature : 75°C -Eluent B : ACN-acidified water
-Pressure : 150 bar -Mass analyses : Tripe-quadruple
-3 static cycles of 5 min spectrometer
-lonisation : ESI+
-Acquisition mode : SRM
Sulfonamides Sewage -ASE 200 Extracts were filtred | -LC-MS/MS -RSD : 11-15% 54-over 74 Nieto et al.,
Macroldies sludge -Sub-sample : 5 g (0.45 pm microfilter) | -Separation : C;3 LC-column -LOQ : 2-11 ng/g 2007
-Solvents : Water-MeOH (50 :50, v/v) and analysed directly | -Eluent A: Acidified water
-Temperature : 80°C -Eluent B : ACN
-Pressure : 150 bar -Mass analyses : Tripe-quadruple
-1 static cycle of 5 min spectrometer
-lonisation : ESI+
-Acquisition mode : SIM
43 pharmaceutical Sewage -ASE 300 SPE : HLB -LC-MS/MS -RSD : 1.2-15% 40.3-146 Jelic et al.,
compounds sludge -Sub-sample : 1¢g cartridges -Separation : C;g LC-column -LOQ : 0.09-22.5 ng/g 2009
-Solvents : Water-MeOH (2/1, v/v) -Eluent A: ACN-MeOH
-Temperature : 100°C -Eluent B : Water
-Pressure : 150 bar -Mass analyses : Tripe-quadruple
-3 static cycles of 5 min spectrometer
-lonisation : ESI+
-Acquisition mode : SRM
Quinolones Sewage -ASE 350 SPE : HLB HPLC-ESI MS/MS -RSD : 1.1-14 77-122.5 Lietal,
Sulfonamides sludge -Sub-sample : 0.1 g cartridges -LOD : 0.02-0.5 2013
Macrolides -Solvents : MeOH

-Temperature : 70°C
-Pressure : 10.34 MPa
-2 static cycles of 10 min
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4. Instrumental analysis

Antibiotics, in sludge or sludge compost, are usually analyzed using chromatographic
techniques. They were separated with liquid chromatography (LC) coupled with UV (Turiel
et al., 2005; Babic et al., 2006), fluorescence (Golet et al., 2002; Prat et al., 2004) or mass
spectrometry detection (Moreno-bondi et al., 2009; Kipper et al., 2011). Considering the time
required and the consumption of solvents, LC-MS/MS is increasingly popular for the analysis
of antibiotics in environmental samples (Zuloaga et al., 2012; Lindholm-Lehto et al., 2016)
because of its higher sensitivity and ability to provide compound confirmation compared with
conventional liquid chromatography. LC separation is carried out generally in column.
Typically, C18 columns are the most used to separate antibiotics from sludge or compost
(Table 5). The mobile phase is composed of two phases (organic solvents and aqueous
phase). Both acetonitrile and methanol are used as organic mobile phases. In order to obtain
sufficient and reproducible retention times, the use of acidified water or a buffer (ammonium)
was recommended. In general, electrospray ionization in positive mode (ESI+) was selected
as the most sensitive mode for ionizing antibiotics compounds before MS detection (Zuloaga

et al., 2012; Lindholm-Lehto et al., 2016).

5. Matrix effect
LC-MS/MS is the most used technique for the quantitative determination of antibiotics
extracted from sludge or sludge compost. Nevertheless, one of the main drawbacks of the
analysis of antibiotics is the matrix effect (ME) (Matuszewski et al ., 2003; Steene and
Lambert et al., 2008 ; Stahnke et al., 2009; Tamtam et al., 2009 ; Stahnke et al., 2012) (Fig.
2).
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Figure 2: Example of signal suppression (a) and enhancement (b) (Grosetti et al., 2010)

ME effect is the result of a combined effect of all components of the sample, other than
analyte on the analytical measurement. If a specific component can be identified to produce

an effect on the analytical signal, it is defined as causing interference.

Interferences between antibiotics and all compounds characterized by a chemical structure
more or less similar to the target analyte, e.g., ionic species, polar compounds (phenols) and
organic molecules (carbohydrates, amines, lipids), organic matter, salts and non-target
contaminants, during the evaporation of the target analytes in the electrospray ionization
source (ESI) lead to the potential suppression/enhancement of the signal (Gosetti et al., 2010;
Cimetiere et al., 2013). Ion suppression/enhancement is induced by the presence of volatile
compounds in the matrix that are able to change the efficiency of analyte droplet formation as
well as the amount of the analyte ions formed in the gas phase that reaches the detector
(Annesley, 2003). The ME is more important in complex matrices such as sludge or compost
and affects dramatically the method performance in term of selectivity, repeatability,
accuracy, linearity of the response and limit of detection. The extraction process can lead to
obtain extracts interfering with the target analytes. Also reagents added to the mobile phase
(buffers and organic acids) could be responsible of ion suppression (Annesley, 2003;
Matuszewski et al., 2003 ; Mei et al., 2002 ; Mallet et al., 2003 ; Gosetti et al., 2010 ).

The current regulatory for bioanalytical methods requires the evaluation and correction of
matrix effects, because they are considered as a part of the analytical method validation

(Matuszewski et al., 2003). The evaluation of the ME consists in comparing the signal
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behavior of the target using the matrix-matched calibration curve and the external standard
calibration curve. In recent years, approach with isotopically labeled internal standards
(deuterium, 13C, 15N) is used to tackle with the ME (Garcia-Galdnet al., 2013; Vom Eyser et
al., 2015; Aga et al., 2015). Nevertheless, the inconvenient of the isotopically labeled internal
standards are their high prices (Punt et al., 2017) and their limited commercial availability
(Aga et al. 2015). Several authors reported that ME was negligible for the determination of
antibiotics compounds after a clean-up step. The dilution of samples prior to the analysis
leads to a decrease in ME but a signal decrease could be observed (Zuloaga et al., 2012). In
addition to all previous stated methodologies, the use of calibration based on the standard

addition method is employed to correct the ME in LC-MS measurements.

6. Standard addition method

The standard addition method (SAM) is an analytical approach for both inorganic and organic
quantification. The use and discovery of the SAM belongs to a chemist called Hohn in 1937
in his book on polarography, Chemische Analysen mit dem polarographen (Kelly et al.,
2011). The SAM comprises three steps: (1) A measure of the analytical response produced by
the test solution; (2) Spike the test solution with one or more known amounts of analyte, and
measure the new responses; and (3) From the responses calculate the concentrations of target
analyte (Ellisona and Thompson, 2008). Analyte concentration is obtained after plotting
response (ordinate) by the amount of standard added (abscissa), and fitting a line to the data
and finding the intercept on the abscissa (Fig. 3) (Saxbergl and Kowalski, 1979). The use of
several spiking concentrations is justified in the SAM approach by the idea that it helps to
check that the calibration is truly linear before calculating concentrations. Linearity is one of

the most important criteria that could be checked before using the SAM.

One of the major benefits of the SAM is in mitigating the effects of matrix interferences in the
analytical measurement when the matrix composition is unknown or relatively complex
(Andersen, 2017). This method assumes that for any analyte there is a specific analytical
signal which responds to that analyte and no other unknown sample component leading to
correct the ME, recovery loses and quantifies several compounds in the same sample

(Saxberg and B R Kowalski, 1979; Punt, 2017)
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Figure 3: Traditional SAM plot with five additions of increasing amounts (X1 to X5) and one sample
without addition at the origin of the abscissa (X0, Y0). (W. Robert Kelly et al., 2011)

The first and original application of the SAM was started since the works of Campbell and
Carl (1954) and Tsaihwa and Thompson (1955). Some other studies have been published with
a view to estimate the precision (Larsen et al., 1973) or to optimize the SAM approach
(Franke and Zeeuw, 1978). After that, the SAM was used successively during the analytical
measurements of analytes in water (Santos et al., 2015), urine (Mamian-lopez and Poppi,
2013; Westley et al., 2017), blood (Clarke et al., 2013), tissue (Julshamn and Andersen.,
1978), soil (Sadler et al., 1997) or fruit and vegetables (Cesarino et al., 2012).

Antibiotics exhibit a wide range of proprieties, then different behaviors, and their
interferences with matrix compounds present substantive analytical challenges. The SAM was
applied for the quantification of pharmaceuticals compounds and antibiotics in some matrix
such as water (Yanget al., 1996 ; Ide et al., 2016 ; Cimentiere et al., 2013 ; Zhang et al.,
2012 ; Zhang et al., 2013), milk (Cafiada-Canada et al., 2009 ; Hajian et al., 2013), urine (Hidi
et al., 2016), plasma (Lozano et al., 2009 ; Punt et al., 2017), food (Boscher et al., 2010;
Amelin et al., 2016) and solid tissues (Hasegawa and Suzuka, 2014). Nevertheless, the SAM
was not used previously as an alternative to correct interferences during antibiotics analysis a
complex matrix such as sludge or compost.

In conclusion, this overview allowed us to see the essential points and the limits for the
extraction and quantification of antibiotics in these complex matrix. So, all analytical
approach on these matrices must take into account the complex interactions between analytes
and matrix. Despite the development of increasingly efficient extraction tools (microwaves,
ASE, etc..), the SAM remains the best way to increase the reliability of antibiotic analyzes in

these matrices.
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Reésultats et Discussions



Chapitre 2: Evaluation des effets des antibiotiques
sur les parametres physicochimiques durant le co-
compostage des boues avec des déchets de palmier en
bioréacteur
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Contexte :

Aujourd’hui, une grande quantité d’antibiotiques est utilisée en médecine humaine. Par
conséquence, ces molécules peuvent rejoindre 1’environnement a travers plusieurs sources,
dont I’épandage des boues de stations d’épuration. Le compostage est parmi les technologies
les plus utilsées pour le recyclage des boues. Beauccoup d’études ont été focalisées sur le
devenir des antibiotiques durant le compostage. En revanche, trés peu de travaux s’interessent

aux effets des antibiotiques sur les différentes étapes du compostage.

Dans ce travail, le fonctionnement d’un bioréacteur de compostage a été optimisé, en utilisant
des boues primaires et secondaires de la station d’épuration de Marrackech, en mélange avec
des déchets verts en différentes proportions. Les essais d’optimisation ont permis d’ajuster les
parameétres de fonctionnement (débit d’air, fréquence de brassage) et d’identfier le mélange
qui permettrait d’avoir une meilleure dégradation de la matice organique. Les résultats des
essais d’optimisation ont été valorisés par un brevet accepté par 1’Office Marocain de la
Propriété Industrielle et Commerciale (OMPIC). L’OMPIC Maroc a suggeré aussi de déposer

le brevet a I’international avec recommandation d’application a 1’échelle industrielle.

Suite aux résultats d’optimisation, un mélange a été retenu pour conduire des essais de
compostage en présence de trois familles d’antibiotiques a différents niveaux de
contaminations. L’effet des antibiotiques sur les parametres physiques et chimiques a été
évalué. En plus, une approche microbiologique sur les interactions entre les antibiotiques et le
co-substrat lignocellulosique utilis€ a été proposée. Cette étude a permis d’identifier les
concentrations critiques capables d’affecter le processus de compostage et d’altérer la qualité

du compost final.

Principaux résultats :

Cette ¢tude a mis en évidence I’effet des antibiotiques sur les parametres thermiques,
I’efficacité du processus de compostage ainsi que la qualité du compost. La présence des
antibiotiques a des concentrations élevées réduit la durée de la phase thermophile, affecte la
montée et la descente de la température ainsi que la libération de chaleur le long de la phase
de stabilisation. De plus, la dégradation de la matiere organique est retardée dans le temps et

le rapport C/N est significativement affecté.

Ces résultats démontrent que 1’éfficacité du processus de compostage et la qualtité finale du

compost sont affectées par les antibiotiques. La présence et la disparition du rebond de
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température dans ces conditions de co-compostage est un critére important permettant de
prédire la qualité du compost final. Le modele proposé pour décrire les interactions dans le
systtme rachis-boue-antibiotiques permet de montrer que 1’adsorption de certains
antibiotiques sur les rachis débuterait des la phase de stabilisation. Le niveau de
contamination aurait un effet sur le degré de colonisation des rachis par les microorganismes
et jouerai un rdle important sur 1'érosion biologique. Cet effet se traduit par la conservation de

la taille des rachis apres la phase de maturation.

Ces travaux, présentant les premiers résultats de la thése, on fait ’objet d’un article publi¢
dans la revue Waste Management, intitulé :

Evaluation of the antibiotics effects on the physical and chemical
parameters during the co-composting of sewage sludge with palm wastes in
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Abstract

The objective of this study was to investigate thermal and physicochemical parameters of
sewage sludge-palm waste mixtures contaminated by different families of antibiotics
(tetracyclines, macrolides and fluoroquinolones) during co-composting. Sludge was spiked
with chlortetracycline (CTC), oxytetracycline (OTC), roxithromycin (RXY), enrofloxacin
(ENR) and ciprofloxacin (CIP). Antibiotics were spiked at a low level, medium level, high
level and a control without antibiotics was conducted. The results showed that the organic
matter degradation was delayed and the carbon/nitrogen (C/N) ratio was affected by an
increase of the antibiotics concentration. The presence of antibiotics, especially at high level,
delayed the coming of the temperature maxima, and disturbed the thermophilic phase. The
calorific model showed that the heat release is affected during the thermophilic phase when
high antibiotics concentrations were used. In addition, the microbiological approach showed
that the adsorption of antibiotics on the rachis could be probably responsible of the fungi
inhibition especially during the maturation phase. Therefore, the medium and high levels of
antibiotics affected the thermal, physical and chemical parameters as well as the compost

quality.

Keywords: Antibiotics, Sewage sludge, Palm wastes, Bioreactor co-composting,

Microbiological approach.
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1. Introduction

The annual use of antibiotics is estimated to be between 100,000 t and 200,000 t worldwide
(Jeong et al., 2010). In the United States, 16,000 t of antimicrobial compounds are used
annually, 70% of them are used for non-therapeutic purposes (UCS, 2001). Although, 2/3 of
antibiotics are used in human medicine and 1/3 are used for veterinary purposes in the
Europeans countries (Sarmah et al., 2006). For Morocco, the consumption per family of
antibiotics was evaluated statistically for human use over a period of ten years (Inouss et al.,
2015). The use of antibiotics for human health purpose (domestic and hospital) leads to their
continuous release into the environment via different sources, such as the waste water
treatment plants (WWTP). Several researches confirm the persistence of antibiotics in the
WWTP which can be considered as an anthropogenic source for contamination by antibiotics
(Rizzo et al., 2013). WWTP include different processes which are regarded as limiting for
antibiotics elimination (Mao et al., 2015; Polesel et al., 2016).So, a part of these molecules are
discharged in the environment with the out coming of treated water and the other part is fixed
to the sludge process (Michael et al., 2012; Xu et al., 2015). Several studies were reported
that the antibiotics concentrations can range of pg/kg to a few mg/kg in sludge (Golet et al,
2002a; Martin et al, 2014; Verclicchi et al., 2015) and their direct application is a source of
antibiotics emergence in the environment. The wide occurrence of antibiotics in the
environment can affect the aquatic and terrestrial organisms even at low concentrations of a
mixture of antibiotics (Khadra et al., 2012), alter the microbial activity and the microbial
community composition, and can also lead to the prevalence of a bacterial resistance to
antibiotics (Zhou et al., 2013).Composting is a natural process for organic matter conversion
by micro-organisms under aerobic conditions and leads to a stable and hygienic fertilizer
which can be reused for improving the quantity of humic substances and increasing the
aromatization degree in the soil (Amir et al., 2010). Composting is an effective solution to
reduce the highest produced quantities of a several type of waste such as palm waste and
sludge. For example, the palm groves of Marrakech city in Morocco generate a significant
amount of palm waste products. According to the environmental services of the urban
commune of Marrakech, the palm waste generated is about 8,000 tons per year (El Fels,
2014). In the other hand, The WWTP of Marrakech produces actually 50,400 kg/d of primary
sludge and 89,600 kg/d of secondary sludge (Belloulid et al., 2016).

Although the fate of antibiotics during co-composting has been investigated (Arikan et al.,
2009; Selvam et al., 2012;Ho et al., 2013; Liu et al., 2015),but little information is given in

the literature about the influence of antibiotics on the thermal and physicochemical
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parameters during the sludge co-composting process in controlled conditions. The objectives
of this study were (i) to optimize and control the operating parameters of a co-composting
bioreactor, (ii) to evaluate the effect of some antibiotics at different concentrations on the
thermal, physical and chemical parameters during the co-composting process, (iii) to present
a microbiological approach concerning the interactions mechanisms between the antibiotics
and the substrates used for the co-composting process and more particularly the
lignocellulosic one, and finally (iv) to approach an effective antibiotic concentration that is

enables or not to influence the co-composting process and alters or not the compost quality.

2. Materials and Methods

2.1.Bioreactor description and its operating conditions
The co-composting experiments were conducted in the bioreactor described by Viel et al.
(1987) with some modifications (Fig. 1). The bioreactor is a cylindrical tank in stainless steel
(100 L), surrounded by a 8 cm polyurethane insulating. The tank has been fixed on a swivel
stand in order to simplify the handling and the compost loading. The bioreactor is composed
of a circular waterproof cover with a hole for samples collection. The fresh air, coming out
from a compressor, was injected inside the bioreactor with a constant flow under the control
of a rotameter, the compost mixing was conducted by a programed system, the temperature of
compost was measured at the three points inside the bioreactor, the exhaust gas was trapped in
a concentrated sulfuric acid solution, the condensed water was recovered at the top of the
bioreactor and a biological filter was used to trap the upsetting odors. After 12 days of
stabilization in the bioreactor, this stage of compost was transferred into the perforated bag to

conduct the maturation stage for 6 month.

2.2.Bioreactor optimization and the retained co-composting substrates
Optimization experiments were conducted in order to control the operating parameters of the
bioreactor and to choose the good mixture composition in view to perform a reference
experiment which could allow the better organic matter degradation and offer the maximum
loading of sludge during the co-composting process. 3 substrates of co-composting have been
used during the optimization experiments. The palm wastes (palm rachis and leaves separate)
and the grass were collected from the Faculty of Science-Marrakech (Morocco). The primary
(non-treated) and secondary (biological) sludges were collected from the WWTP of

Marrakech. The experiments with secondary sludge were conducted for having a comparison
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with the primary sludge which was finally retained for the antibiotic co-composting
experiment. The Table 1 presents the physical and chemical characteristics of the substrates
used during all optimization experiments, and the Table 2 presents the percentage of each
substrate used during the 5 experiments of co-composting (E1-E5) conducted to optimize the

bioreactor.
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Figure 1: Co-composting bioreactor

Tableau 1: Physical and chemical characteristics of the used substrates during all co-composting
experiments

Physical and Sludge Green waste
chemical Primary Secondary | leaves waste | Palm rachis Grass
parameters sludge sludge (Phenix) (Phenix) (Cynodon
dactylon)
pH 7.1£0.1 7.1£0.1 6.2+0.1 6.5+£0.2 6.5+0.2
Moisture® (%, FW) | 66.8+3.9 56.2+1.3 6.1+0.1 19.740.3 67.9+5.6
Ashes content” 45.5+0.4 42.9+0.5 11.1+0.1 63.7+0.5 18.4+0.4
(%, DW)
TOC” (%, DW) 34.5+0.3 36.2+0.3 56.3£0.1 23+0.9 51.7+0.3
TN’ (%, DW) 3.8+0.1 3.9+0.1 1.2+0.1 0.8+0.3 2.1+0.1
NH,*" (%, DW) 0.6x0.1 0.4£0.1 0.1£0.2 - 0.3£0.1
C/N 9 9 49 29 24

¥ Results expressed per unit weight fresh matter; ° Results expressed per unit weight dry matter; TOC: Total Organic Carbon;
TN: Total Nitrogen, NH*: Ammonium

67




Tableau 2: Substrates proportion (%) for the optimization experiments

Co-composting | Primary Secondary Rachis Palm leaves Grass
experiments sludge sludge (%) (Phenix) (Cynodon dactylon)
(%) (%) (%) (%)
El 40 34 15 11
E2 40 34 15 11
E3 50 32 11 7
E4 66 21 11 2
E5 66 21 11 2
2.3.Antibiotics

The Tetracyclines (chlortetracycline hydrochloride (75% of purity) and oxytetracycline
hydrochloride (95%)), a Macrolides (roxithromycin (90%) and the Fluoroquinolones
(enrofloxacin (98%) and ciprofloxacin (98%)) were purchased from Sigma-Aldrich-France
(F-38297, St-Quentin Fallavier). The stock antibiotics solutions were prepared in methanol

(MeOH-HPLC grade, Sigma-Aldrich) and used directly for sludge spiking.

2.4.Co-composting experiments using spiked sludge by antibiotics
The primary retained sludge was spiked by a mixture of 5 molecules of antibiotics according
to a low level (AE2), a medium level (AE3) and a high level (AE4) (Table 3). A control test
(AE1) without antibiotics was conducted in parallel. For each antibiotic family, the choice of
the antibiotics concentrations for the same level was based on the values published in
previous studies (Golet al., 2002; Arikan et al., 2009; Sun et al., 2010; Selvam et al., 2012; Ho
et al., 2013; Huang et al., 2013; Vom Eyser et al., 2014). The co-composting experiments
with antibiotics were conducted under the same conditions as described in the optimization
experiments and according to the ratios used in the mixture for the reference experiment
which showed good organic matter degradation in presence of a significant amount of primary

sludge.

2.5.Sampling and analysis
For the optimization experiments, sampling were carried out at Ty (before composting), T»
(two days of co-composting in the bioreactor), T, (after 12 days of co-composting in the
bioreactor), T3y (30 days of maturation in bags) and Ty (90 days of maturation in bags).In
view to have an intermediate sample reflecting the stabilization step evolution and to ensure

the representativeness of the final compost product under the presence of antibiotics, others
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sampling points were added in the co-composting experiments using spiked sludge by
antibiotics. So, Ts (after 5 days of co-composting in the bioreactor), and Tso (after 180 days
of maturation) were added. In each stage, a homogeneous sample is taken using the quartering
method. All samples were kept at -20°C until the physicochemical analysis. Analyses were
conducted in triplicate. Different physical and chemical analyses were performed. The pH
was measured on aqueous suspension (sample-water; Y2; v/v). The moisture was determined
by drying the compost at 105°C during 48h (AFNOR, 2000). The total organic carbon (TOC)
and the ash contents were determined after calcination in a muffle furnace at 600°C during
6hours. The total nitrogen (TN) was determined according to the Kjeldahl method.
Ammonium was determined by a sample distillation in an alkaline medium.

The decomposition rate was calculated according to the following formula (Paredes et al.,

1996):

Decomposition rate (%) = 100-100[Ashi(100-Achf)]/[ Achf (100- Ashi)]
Ashi is the initial level of ash and Ashf is the final level of ash.

2.6.Evaluation of calorific value
Among the parameters of the composting process, the temperature is one that influences
significantly the final compost stability. However, several mathematical models were
developed to assess the temperature or the heat release during the co-composting process. The
model developed by Eguchi et al. (2012) was used, with some modifications, to follow the
heat release during co-composting. This model is based on the recordings of temperature
inside the bioreactor during the aerobic phase. Given our optimized conditions during co-
composting, we defined the beginning of the sludge co-composting process when the mixture
inside the bioreactor reached a temperature 20°C higher than the room temperature. Then,
temperature data was recorded at intervals of 20 min. The assessment of the heat release was

done by calculating the following parameters:

Total calorie (TC) : > (Ti-Tri) ; (Ti-Tri)> 20
Ti: the temperature of the Compost in the time 1.
Tri: the ambient temperature in the time I.

Calorific Period (CP) : The number of the measurement points where (Ti-Tri)> 20
(thermophilic phase duration).

TC/CP ratio : A parameter that indicates the average of calorific values and

the intensity of the aerobic degradation during thermophilic
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phase.

Tableau 3: Antibiotics concentration during co-composting experiments

AE2 AE3 AE4
Family Molecules AE1 (Ill;gvlvl;g (nl;gvc;g (mg/kg DW)
Tetracyclines Chlortetracycline 10 50 250
Oxytetracyclines 10 50 250
Macrolides Roxithromycin - 4 20 100
Fluoroquinolones Enrofloxacin 2 10 50
Ciprofloxacin 2 10 50

2.7.Evolution of palm rachis remaining weight during co-composting
As it appeared by visual observation that the rachis contributions seemed different in the
samples obtained with the different concentrations of antibiotics, an evaluation of the non-
attacked part of the rachis was undertaken. The compost samples were sewed using a 10 mm
sieve to obtain the final compost homogeneous product (AFNOR, 2004). For each
experiment, the refusal from a 100g sub-samples were weighted and estimated taking into
account the ash content in percent of the sample. At each sampling time and for each
condition, a ratio w/w (g/g) ratio of the remaining rachis present per experiment could be

approached versus the ash content.

3. Results and discussion

3.1.Efficiency of a co-composting process using a bioreactor coupled with a perforated
bag

5 co-composting experiments were conducted under different mixtures of organic constituents
and type of sludge (Table 2) in order to control the stabilization phase inside the bioreactor,

then the intermediate product was transferred in a perforated bag for the maturation phase.

Regarding the results shown in Table 4 especially the decomposition rate and the C/N ratio,
the degradation rate obtained by using the primary sludge is more effective than the one
obtained for the secondary sludge. No significant difference was observed between the final
products for the conditions E1 and E4 (E3 being less performant), E4 was retained as the
reference condition to conduct the antibiotics experiments since E4 had the maximal load
possible for this device (19kg) and was constituted by primary sludge well known for its

contain in pharmaceutical compounds and more particularly antibiotics (Martin et al., 2014).
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3.2.Sewage sludge co-composting in the presence of antibiotics

According to a previous study on the presence of antibiotics in the WWTP of Marrakech, the
antibiotics concentrations observed in the primary sludge were ranging between 0.2 to 1
pg/kg DM for tetracyclines, between 1 and 2 pg/kg DM for the macrolides and between 3 and
5 pg/kg DM for the fluoroquinolones. These concentrations are lower than the ones observed
for tetracyclines (Hamsher et al, 2002), for macrolides (Huang et al, 2013; Vom et al, 2015)
and for fluoroquinolones (Golet et al., 2002a ; Martin et al, 2014; Verlicchi et al., 2015) due
to a lower consumption of antibiotics per capita in Morocco (Inouss et al., 2015). So, the
choice of the antibiotics levels used in the spiking protocol was not only depending on the real
initial concentration for the primary sludge of Marrakech, but also according to those
published elsewhere for the same families of antibiotics in order to assess clearly the effect of
the antibiotics on the co-composting process. Co-composting experiments under the E4
condition were conducted by using 3 antibiotics levels. The minimal concentration used in
AE2 is a realistic concentration close to the antibiotics concentrations in the environment and
more particularly in sludge (Golet et al, 2002a; Martin et al, 2014; Verlicchi et al., 2015). The
medium concentration used in AE3 is more generally observed in manure (Hu et al. 2011;
Selvam et al. 2012a; Kim et al. 2012). The highest concentration used in AE4 exceeding usual
concentrations for sludge or manure co-composting was retained in view to assess the
efficiency of the studied co-composting process (Bao et al. 2009; Hu et al. 2011; Kim et al.
2012; Selvam et al. 2012a; Ho et al. 2013).
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Tableau 4: Physical and chemical parameters during optimization experiments of co-composting

Experiments pH Moisture® Ash content” TOC" TN® NH*? DR" C/N
(%) (%) (%) (%) (%) (%)

El TO 5.440.1 55.9+1.2 21.3+0.7 49.8+0.4 2.6+0.1 0.240.1 - 19
T12 6.4+0.1 42.4+4.4 24.5+0.5 47.8+£0.3 2.540.2 0.3+0.3 16.4+£2.4 19
T30 5.940.1 35.3+0.4 27.8+0.2 45.7+0.1 2.1£0.2 0.240.2 29.6+3.4 17
T90 6+0.3 43.9+40.2 33.240.2 42.3+0.1 3.2+0.1 0.31£0.1 45.4+2.6 14

E2 TO 6.2+0.2 55.1£0.7 28.7+0.5 45.240.3 2.60.1 0.2+0.4 - 17
T12 6.60.1 53.3+0.9 32+0.3 43.2+0.2 2.4+0.1 0.3+0.1 14.343.1 18
T30 5.840.2 48.240.5 36.8+0.2 40+0.1 2.840.1 0.2+0.1 30.9+1.3 14
T90 5.7+0.1 51.7£0.3 39.540.1 38.3+0.2 3.240.2 0.1£0.2 38.4+1.3 12

E3 TO 6.1+0.1 59.440.8 28.8+0.3 45.2+0.2 3+0.2 0.3+0.1 - 15
T12 6.5+0.1 52.3+0.6 33.5+0.2 42.1£0.1 2.6+0.1 0.3+0.2 19.6+1.4 16
T30 5.9+0.2 38.4+1.2 36.1£0.3 40.5+0.1 3.1£0.2 0.240.1 28.3+1.2 13
T90 6.5+0.1 35.7+0.6 39.7+0.1 38.2+0.2 3+0.1 0.1+0.1 38.6+0.8 13

E4 TO 5.9+0.2 56.1£2.1 29.4+0.1 44.7+0.2 3.940.2 0.3+0.1 - 12
T12 7.340.1 38.8+1.8 34.3+0.3 41.6x0.2 3.240.2 0.5+0.3 20.4+1.1 15
T30 6.9+0.1 46.8+0.2 36.1+2.8 40.5+1.7 3.940.1 0.5+0.6 26.3£3.1 10
T90 6.9+0.4 37.1+0.7 41.4+0.2 37.2+0.2 3.540.1 0.440.3 41.1+2.1 11

E5 TO 5.7+0.2 56.8+2.6 26.6+0.1 46.5+0.1 3.7+0.3 0.3+0.1 - 13
T12 7.340.1 47.7£1.5 32.1+£0.3 4340.2 3.240.2 0.5+0.1 23.240.5 13
T30 6.3+0.3 40.2+0.4 35.2+0.3 41.3+0.2 3.840.2 0.3+0.1 33.2+0.7 11
T90 6.5+0.2 42.9+1.2 36.3+0.1 40.3£0.1 3.440.1 0.3+0.1 36.5+0.6 12

 Results expressed per unit weight fresh matter; ° Results expressed per unit weight dry matter; TOC: Total Organic Carbon;
TN: Total Nitrogen, NH*: Ammonium; DR: Degradation rate; TO: Before composting; T12: After 12 days of stabilization;
T30: After 30 days of maturation; T90: After 90 days of maturation.

3.3.Antibiotics effects on the physical and chemical parameters

Table 5 shows the evolution of the physical and chemical parameters during the co-

composting process under antibiotics pressure.

3.3.1. Evolution of pH, Total Organic Carbon (TOC) and Total Nitrogen (TN)

In all experiments, the pH increased rapidly after the 2nd day of the thermophilic phase in the
bioreactor (7.6, 7.7, 7.7, and 7.9 respectively for AE1, AE2, AE3 and AE4). This increase of
the pH values during the initial stage of co-composting was mainly due to the degradation of
organic acids and the release of ammonia in this step. The pH decreased and stabilized toward
a value near 7 at the end of all experiments (Amir et al., 2005b; El fels el al., 2014 ) while the
nitrifying process or the synthesis of phenolic compounds took place (He et al., 2009; Lu et
al., 2014).

The initial levels of the TOC in the beginning states of the co-composting were similar (46.9,
46.6, 46.3 and 47.0%, respectively for AE1, AE2, AE3 and AE4) and sank to 40.0, 40.5, 37.8
and 42.4% respectively for the 6™ month. The decomposition of the TOC in the presence of

high antibiotics level especially for AE3 and AE4 is less effective and in agreement with an
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inhibition of the microbiological activity under high antibiotics concentrations (Wong et al.,
1997).

At the beginning of co-composting process, TN decreased to 3.0, 2.8, 2.7 and 2.8%,
respectively for AE1, AE2, AE3 and AE4 after 12 days of co-composting. At the end of the
maturation stage, the TN values increased to attempt 3.3, 3.1, 3.1 and 3.1 respectively for
AEIl, AE2, AE3 and AE4. The decrease of the TN content is mainly due to the loss of
ammonia especially during the thermophilic stage (Viel et al., 1987; Eghball et al., 1997). The
TN increase is due to the strong degradation of the carbonaceous compounds affecting the
total mass of compost but not the nitrogen one (Bernal, et al., 1998).At the end of co-
composting, the TN values for AE2, AE3 and AE4 are lower than AE1, in agreement with the
proposed vulnerability of the nitrogen transforming microorganisms towards high antibiotics

concentrations (Liu et al., 2015).

3.3.2. Degradation rate of organic matter and C/N ratio
At the end of the co-composting process, the decomposition rate of the organic matter is 40.2,
36, 34.9 and 29.8 % respectively for AE1, AE2, AE3 and AE4. Likewise, in the final stage of
co-composting the C/N ratio is about 12, 12.7, 13 and 13.6 respectively for AE1, AE2, AE3
and AE4. AE1 conditions showed a very important reduction of the organic matter. Indeed,
the presence of the antibiotics especially for the medium and the high level delayed the
organic matter degradation in agreement with previous studies (Selvam et al., 2012; Eguchi et
al., 2012). In the final stage of co-composting, the C/N ratio for AE1 and AE2 is close to 10
(reference value) indicating the maturity of the final compost (El hajjouji et al., 2007; El fels
el al., 2014). Those experiments arrived in a stage of maturity much more advanced than that
of AE3 and AE4. The profiles of C/N ratio appeared to be influenced by the changes in the
carbon and nitrogen contents, during the co-composting process, especially for AE3 and AE4
(Arikan et al., 2009; Selvam et al., 2012; Liu et al., 2015). As the C/N ratio is a critical factor
for the evaluation of the use of the compost as a fertilizer, the difference between C/N ratios

reflects the differences in the reaction mechanism in presence of antibiotics or not.
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Tableau 5: Physical and chemical parameters during co-composting experiments performed with

antibiotics
Experiments pH Moisture® | Ash content® TOC® TN® (%) | DR® (%) C/N
(%) (%) (%)
TO 6.6+0.1 56.1+2.6 25.8+0.4 47.1+£0.2 4.140.1 - 12
T2 7.6+0.1 48.7%1.2 28.1+0.8 45.5+0.5 3.240.3 11.2£2.7 14
T5 7.440.2 47.320.6 28.8+0.2 45.1+0.1 3.1+0.2 14.1£2.3 15
AE1 T12 7.240.1 46.1+1.1 29.940.1 45.1+0.1 3.1+0.1 14.5+1.7 15
T30 6.4+0.2 50.3+2.1 30.5+0.3 44.6+0.2 3.5+0.1 16.9+0.9 13
T90 6.840.1 41.9+0.6 35.6+0.2 40.8+0.1 3.4+0.2 37.2+0.5 12.1
T180 | 6.8+0.1 40.1£04 36.8+0.2 40.2+£0.2 3.3+0.1 40.3£1.5 12
TO 6.6+0.2 57.2+1.4 26.3+0.2 46.620.1 3.840.2 - 12
T2 7.7+0.1 49.1£1.1 27.2+0.7 46.1+0.5 2.840.1 4.6£3=2.1 17
T5 7.540.1 51.7£1.3 28.5+0.2 45.2+0.1 2.9+0.1 10.6x1.5 16
AE2 T12 7.440.1 48.2+1.6 28.620.1 45.2+0.2 2.9+0.2 11.1x14 16
T30 6.940.1 43.7+£0.9 29.3+0.1 44.7+0.4 3.240.1 14.1£2.6 14
T90 7.1£0.1 35.840.2 34.620.1 41.4+0.1 3.240.1 32.5+1.1 13
T180 | 6.9+0.2 35.3+0.9 35.9+0.3 40.5+£0.2 3.2+0.2 36.4+0.3 12.7
TO 6.740.1 51.1+£1.8 26.7+0.2 46.4+0.1 3.940.1 - 12
T2 7.740.1 44.1+0.7 27.8+1.4 45.7+0.9 2.9+0.2 5.6+1.7 16
T5 7.620.1 45.1+1.1 28.1+£0.9 45.3+0.6 2.7+0.1 8.6+2.3 17
AE3 T12 8.3+0.1 45.8+3.8 28.1+0.1 44.940.1 2.7+0.2 10.8+0.8 17
T30 7.540.1 40.8+1.3 28.9+1.1 44.5+0.6 3.1+0.2 13.9£1.2 14
T90 7.240.2 36.2+0.5 35.840.2 40.6+0.1 3+0.1 34.840.2 13.6
T180 | 7.3x0.1 36.1+2.1 35.940.1 40.6+0.1 3.1+0.1 34.940.1 13
TO 6.9+0.3 51.2+1.8 25.7+0.3 47.1+£0.2 3.4+0.1 - 14
T2 7.940.2 38.3%£1.2 25.940.1 46.9+0.1 3.1+0.2 1.2+1.1 16
T5 7.940.1 31.3£0.6 26.1+0.1 46.8+0.1 2.9+0.2 1.7£1.5 16
AE4 T12 8.1+0.1 46.3+1.6 26.3+0.3 46.6+0.2 2.8+0.1 3.4+£29 17
T30 7.7£0.2 50.2+1.9 27.8+0.1 45.7+0.1 3.240.1 10.2+0.8 14
T90 7.310.1 49.1+2.1 31.94+0.2 43.1+0.1 3.1+0.2 26.1£1.3 13.8
T180 | 7.2+0.2 41.3£3.6 33.1+0.1 42.4+0.1 3.1+0.1 29.9+1.5 13.6

“ Results expressed per unit weight fresh matter; ° Results expressed per unit weight dry matter; TOC: Total Organic
Carbon;  TN: Total Nitrogen; DR: Degradation rate; TO: Before composting; T2: After 2 days of stabilization; T5: After 5
days of stabilization; T12: After 12 days of stabilization; T30: After 30 days of maturation; T90: After 90 days of maturation;
T180: After 180 days of maturation.

3.4.Antibiotics effects on the thermal parameters

3.4.1. Temperature profiles

Fig. 2 shows the temperature profile during the thermophilic phase in the whole co-
composting process. All the co-composting experiments arrived respectively for AE1, AE2,
AE3 and AE4 at a maximum temperature of 72.5, 64.5, 71.5 and 66.47°C after 32, 20, 33, and
51 hours after the beginning of the co-composting process. The thermophilic stage began after
13, 13, 18 and 27 hours and its duration was of 64, 37, 53 and 50 hours respectively. During
the thermophilic phase, the temperature has remained above 60°C for 48, 20, 33 and 20 hours
respectively for AE1, AE2, AE3 and AE4.
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Subsequently, the temperature decreased after 5 days of co-composting and stabilized
between 25-35°C toward the end of the aerobic digestion for AE2, AE3 and AE4. For AE1,
after 5 days of co-composting, we observed a rebound which lasted 3.2 days, according to a
potential low level of antibiotics in the primary sludge of the WWTP of Marrakech. The
maximum temperature of the rebound was of 49°C and it was not observed for the other
experiments under antibiotics. The rebound observed in AE1 is a characteristic temperature
shape of a date palm composting process as described by Alkoaik et al. (2011). The
appearance of this rebound reflects the development of some fungi or actinomycete species
which have the ability to degrade a part of the thermophilic phase residues and it induces an
advanced beginning of the maturation phase. This rebound was not observed in the presence
of antibiotics for the other experiments. Probably, the fungi or the actinomycete species could
be inhibited or these micro-organisms could not find substrates favorable to their apparition

and development.

The high temperature recorded and the duration of the thermophilic phase for a long time
would destroy most of the pathogens contained in the sludge, leading to obtain compost with
a good sanitary standard (Bernal et al., 2009). The thermophilic microorganisms improved the
decomposition of organic matter into more stable humic components and inorganic
compounds (Hu et al., 2011). The high temperature reached in all co-composting experiments
was due to the bioreactor optimization and the continuous air injection. The antibiotic
concentrations played on both delay to reach the maximal temperature value and length of the

plateau (temperature above 60°C).

3.4.2. Temperature curve analysis for its increase or decrease in the co-composting
experiments

The Fig. 1 showed that the temperature shapes are biphasic for all the co-composting
experiment. According to the possibilities of the micro-organisms growth models described
by Holy and Holzapfel. (1988) and Zwietering et al. (1990); the increase rate of temperature
curves can be fitted using a linear function, and the decrease rate of temperature curves can be
fitted using an exponential function (Fig. 3). According to the curves of the respective
temperature increase (Fig. 3a), there is a decrease in the rise speed depending on antibiotics
concentration (reduction of the coefficient a). The temperature increased slowly especially for
AE4 for which the coefficient a was about 0.95 (coefficient @ of the control experiment:
1.70). The curves for the temperature decrease (Fig. 3b) showed that the speed of decreasing

is very fast when the antibiotic concentration was increasing (reduction of the coefficient b).
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Figure 2: Temperature profiles during co-composting experiments with antibiotics

In addition, the temperature decreased rapidly for AE4 (coefficient b: -0.02). Therefore, the

temperature raising and lowering are influenced by increasing antibiotic concentration.
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Figure 3: The kinetics parameters of the increase and the decrease of temperature for the condition without antibiotics
(AE1) and for the other conditions in the presence of antibiotics (AE2, AE3 and AE4). (a): Curve and equation of
temperature increase; (b): Curve and equation of temperature decrease

Tableau 6: Total calorie (TC), calorific period (CP) and TC/CP for whole composting process during

thermophilic phase

Thermal Co-composting experiments

parameters AE1 AE2 AE3 AE4
TC 8140 4593 7475 6717
CpP 247 142 205 181

TC/CP 32.9 323 36.4 37.1

3.4.3. Evaluation of calorific value

Table 6 lists the total calories (TC), the calorific period (CP) and the TC/CP ratio for all the

co-composting processes during the thermophilic phase. TC and CP values were high for AE1
(TC = 8141; CP = 247). Thereafter, TC decreased especially for AE3 and AE4 (7475 and
6717 respectively for AE3 and AE4). In addition, CP decreased also to 205 and 181

respectively for AE3 and AE4 for which the antibiotics concentrations were important. The

intensity of the aerobic degradation is important for AEl (TC/CP=32.9). Indeed, by

increasing antibiotics concentration, epically for AE4 (TC/CP=37.1), the intensity of the

aerobic degradation was altered.
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Eguchi et al., (2012) studied the effect of certain molecules of antibiotics separately. At the
maximum concentration: norfloxacin affects the TC/CP ratio, oxytetracycline and tylosin
affect just the maximum temperature and they not had a significant effect on the TC/CP ratio.
The effect on the maximum temperature was probably amplified by composting a small
quantity of the substrates with an increase of the antibiotics concentration. On the other hand,
with the high quantity of the substrates that we used, no significant effect on the maximum
temperature was observed even at the maximum concentration. In our study, the overall
parameters of the caloric model (TC, CP and TC/CP) were affected by increasing the
concentration of the antibiotics mixture. Regarding the effects of the antibiotics that were
separately observed by Eguchi et al., (2012), this observation may be due to the persistence of
the fluoroquinolones. The effects observed on the model parameters under our conditions
began by condition AE3 which is a much lower concentration than the maximal one used by
Eguchi et al., (2012) for which the first significant effect. The results obtained for AE2 (Table
6) showed lower TC and CP values than the other conditions, but the TC/CP ratio remained of
the same order, leading to the fact that the condition AE2 could not alter the general
discussion. Briefly, the heat release, the thermophilic phase duration and the aerobic digestion
intensity were influenced by the presence of the antibiotics at high concentration and

particularly for EA4 characterized by the highest antibiotics concentration.

4. Microbiological approach

4.1.Microbiological approach during the stabilization phase
As shown in Fig. 2 and by the calorific evaluation, the AEl experiment condition is
dominated by a higher level of the temperature and the greater duration time of the
thermophilic phase in relation to a higher microbiological activity which produced a higher
plateau of temperature above 60°C. By the end of the aerobic degradation in the bioreactor, a
mean difference of 11°C between AEl and the other experiments in the presence of
antibiotics was observed. These conditions are not only favorable to thermophilic bacteria or
actinomyctes but also to thermophilic fungi which can develop themselves at high
temperature about 50-60°C (Cooney and Emerson 1964).The shortening or the disruption of
the stage above 60°C is significant of an inhibitory effect on the development of some species
of bacteria or thermophilic fungi by the presence of high antibiotics concentrations (case of

AE3 and AE4). Regarding the observed inhibitions, the fluoroquinolones could be responsible
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of those behaviors by affecting the microbiological communities during the composting
(Eguchi et al., 2012).

4.2.An approach of Rachis-Sludge-Antibiotics interaction mechanisms

Fig. 4 and Table 7 showed the evolution of the Rachis/Ash ratio during the co-composting
process. Before co-composting, the differences observed in the Rachis/Ash ratios could be
explained by the variability of the sampled sludge used for each experiment. During the
stabilization phase in the bioreactor, mechanical erosion due to the mixing system could be
involved in the reduction of the initial size of rachis similarly for all experiments. But, after
12 days, for AEl experiment, a higher erosion of the rachis is observed and could be
attributed to the biological erosion. In addition, as the experiments conducted with antibiotics
showed a different behavior pattern, the mechanical erosion seeming to be controlled by the
biological degradation of the rachis in relation to the antibiotics level spiked in the sludge.
Therefore, the antibiotics adsorption on the rachis coming out from the transfer between
sludge and rachis could be evoked to control the biological process in the stabilization phase.
During the maturation phase in the perforated bags, the mechanical erosion does not exist and
only the biological erosion of rachis can be taken in account. Since this phase is controlled by
fungi and actinomycetes, the condition without antibiotics led to a considerable decrease in
the rachis size. In contrast, the rachises were almost less attacked in the presence of high
antibiotics concentrations (AE3 and AE4) in relation of a potential inhibition in the
development of the fungi and actinomycetes communities during the maturation phase. Fig. 5
shows an approach of the proposed Rachis-Sludge-Antibiotics interaction mechanism.

Tableau 7: The evolution of rachis/ash ratio before co-composting, after the stabilization and in the
end of the maturation stage

] Co-composting experiments
Sampling (days)
AE1 AE2 AE3 AE4
0 1.2 1.3 1.7 1.6
12 1.4 1.9 2.2 2.0
180 0.5 1.2 2.0 2.1
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Figure 4: The evolution of Rachis/Ash ratio during co-composting experiments with antibiotics
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5. Conclusion

The following conclusions can be drawn from the above experiments:

1. Co-composting experiments showed that in the presence of antibiotics at high
concentrations, the thermal parameters were affected especially: the thermophilic
phase duration, the temperature increase and decrease as well as the heat release. The
presence of a rebound under the presented conditions (palm wastes as co-substrate)
could be an early criterion of the potential quality of the final end product;

2. The evolution of the organic matter degradation and the C/N ratio are influenced by an
increase in the antibiotics concentration. The efficiency of the co-composting system
and the compost quality were altered by the way;

3. The adsorption of the antibiotics on the rachis matrix could explain why the co-
composting process was not entirely inhibited. However, the microbiological approach
showed that rachises could be less attacked and therefore the rachis size remained
higher with an increase in the antibiotics concentration. To validate this hypothesis, an

assessment of the antibiotics concentrations during co-composting will be done.
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Chapitre 3: Mise au point d’une technique
analytique multi-résidus des antibiotiques
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Contexte :

Le chapitre précédent mettait en évidence I’effet des antibiotiques sur les parametres
physiques et chimiques durant le compostage. Les molécules d’antibiotiques peuvent
contribuer aux effets observés différemment en fonction de leurs interactions et

comportements dans une matrice complexe comme le compost.

Cependant, le dosage des antibiotiques est indispensable pour répondre a plusieurs hypotheses
qui ont été déja émises dans le chapitre précédent et ainsi suivre le devenir des antibiotiques
au cours des procédés de traitement utilisés. Dans ce sens, une méthode analytique non-
sélective et multi-classe, adaptée a nos conditions expérimentales a été mise en point et a
permis d’extraire et quantifier les antibiotiques dans les boues et les composts a différents

stades de compostage.

Principaux résultats :

Dans cette étude, les antibiotiques ciblés font parties de 3 familles avec différentes propriétés
physiques et chimiques, et ainsi différents comportements. L’approche analytique multi-
résidue choisi est relativement rapide a mettre en oeuvre, non selective et montre que
I’utilisation de la méthode des ajouts dosés est une alternative pour palier au probléme de
I’effet matrice, dans une matrice aussi complexe qu’un compost de boues. Les fortes
interactions entre les antibiotiques et la matiere oragnique favorise [’utilisation d’une
extraction agressive par solvant accélérée (ASE). Les résultats montrent que notre approche
d’extraction est reproductible (CV<10%). L’application des ajouts dosés vérifie bien les
conditions de linéarité, les rendements de recouverement sont bons et répétables. La stabilité
du systéme d’analyse (LC-MS/MS) a été vérifiée a travers le coefficient de variation relative
(RSD%) par utilsation d’'une molécule deutérée, les résultats sont inférieurs a 15% malgré la

charge organique injectée.
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Abstract

In this work a fast analytical method for the determination of macrolides, tetracyclines and
fluoroquinolones in a compost originating from a mixture of sewage sludge, palm waste and
grass was developed by ultra-high performance liquid chromatography coupled to mass
spectrometry (U-HPLC/MS). Antibiotics were extracted from compost by using the
accelerated solvent extraction (ASE). The chromatographic separation was carried out on a T3
Cortecs C18 column using a mobile phase gradient mixture of water acidified with 1% of
formic acid and acetonitrile. Recoveries of 24-30%, 53-93%, 33-57%, 69-135% and 100-
171% were obtained for roxithromycin (ROX), chlortetracycline (CTC), oxytetracycline
(OTC), enrofloxacin (ENR) and ciprofloxacin (CIP), respectively. As the most part of
antibiotics showed significant matrix effect (ME), the method was validated using the
standard addition method (SAM) to correct the observed ME. Instrumental variation, of
LC/MS system, showed that 93.75% of the relative standard deviation (RSD %) are below
15%, although the organic load of extracts. This analytical method was applied to assess the
fate of antibiotics during composting. Two composting experiments were conducted
separately after spiking sludge at 2 different concentration levels. The resulting elimination
rates were of 52-76, 69-100, 100 and 24-50 % for ROX, CTC, OTC and CIP, respectively.
These results suggest that composting process contributes to the removal of residuals
concentrations of macrolides and tetracyclines while the fluoroquinolones persist in the final

compost product.

Keywords: Analysis, fluoroquinolone, macrolide, tetracycline, sludge, compost.

90



1. Introduction
Despite wastewater treatments, most of antibiotics are found in the environment. Their
presence is strongly associated with human uptake and excretion but also by the
contamination of manures used in agricultural soils. It has been clearly established that
wastewater treatment plants (WWTPs) are not designed to remove such kind of compounds
and present limited performances regarding their elimination (Rizzo et al., 2013; Polesel et al.,
2016). A part of antibiotics is discharged in surface water by the WWTPs liquid effluents and
the other part is adsorbed on sludge (Michael et al., 2013; Xu et al., 2015) intended for
different treatments or to direct agricultural use (Luque-Munoz et al., 2017). As a
consequence of the non-elimination of these organic compounds and the direct application of
sludge, antibiotics were found in soil (Michael et al., 2013), sediment (Rico et al., 2014),
surface water (Hamscher et al., 2002), underground water (Hirsch et al., 1999) and plants, that
can be used for the human consumption (Kumar et al., 2005; Dolliver et al., 2007). This may
lead to some human health effects, such as allergic reactions (Kemper, 2008). Moreover,
antibiotic emergence and dispersion in the biota are one of the main cause of antibiotic
bacterial resistance development (Christian et al., 2003; Costa et al., 2011) and could in part
explain the increase of multi resistant pathogens observed by the World Health Organization

(WHO, 2016).

Antibiotic residues are often found in sludge (Zhou et al., 2009; Radjenovic et al., 2009; Li et
al., 2013; Verlicchi and Zambello, 2015). Although they are present at very low
concentrations, their potential long-term effects make it necessary to monitor them in sludge
and by-products as compost. In addition, trace screening of antibiotics is essential to limit
their impacts and to adopt innovative solutions for their elimination. Composting is a
bioremediation technology to reduce or eliminate the residual concentrations of antibiotics
(Arikan et al., 2009; Ho et al., 2012; Liu et al., 2015). Nevertheless, some molecules persist in
the final product (Lillenberg et al., 2010; Haiba et al., 2013). Composting performances
regarding antibiotic elimination are conditioned by the instrumental reliability and the
analytical approach efficiency. Liquid chromatography coupled with mass spectrometry (LC-
MS) is often used for antibiotics determination in sludge and compost (Ben et al., 2008;
Kipper et al., 2017). Using ultra-high performance liquid chromatography (U-HPLC) for
antibiotics determination enables to increase the analytical method efficiency while
decreasing the analysis duration and solvent consumption (Moreno-Gonzdlez and Garcia-

Campaia, 2017). Antibiotics determination involves many extraction techniques such as
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ultrasound-assisted, soxhlet, supercritical fluid, microwave or QUEChERS (Quick, Easy,
Cheap, Effective, Rugged and Safe) (Zuloaga et al., 2012; Lindholm-lehto et al., 2017;
Luque-Munoz et al., 2017). Indeed, several adsorption mechanisms involved during the
retention of antibiotics in the solid phase such as hydrogen bonding, cationic exchange,
hydrophobic interactions or complexation, make the antibiotics extraction from sludge
difficult and tedious (Pamreddy et al., 2013). Therefore, the low accessibility to antibiotics
during their extraction needs a robust and aggressive technique such as the pressurized-liquid
extraction (PLE). The PLE, also referred as accelerated solvent extraction (ASE), was already
used for the antibiotics extraction from sludge, compost or (Golet et al., 2002; Jacobsen et al.,
2004; Stoob et al., 2006; Lillenberg et al., 2009; Nieto et al., 2010; Ding et al., 2011).
Interferences between antibiotics and the organic matter compounds can occur during the
sample storage and/or the extraction process leading to potential suppression/enhancement of
the signal in mass spectrometry, especially with electrospray ionization (ESI) (Cimetiere et
al., 2013; Vom Eyser et al., 2014). This phenomenon, so-called matrix effect (ME) was
characterized by comparing the signal of the target analyte in the matrix-matched calibration
curve with the signal of the external standard calibration curve. Recently, using isotopically
labeled internal standards (deuterium, 13C, 15N) allow to overcome the ME (Garcia-galan et
al., 2013; Vom Eyser et al., 2014; Aga et al., 2016). Nevertheless, the isotopically labeled
internal standards are often expensive (Punt et al., 2017) with a poor commercial availability
(Aga et al., 2016). Thus, the standard addition method (SAM) is the most often used method
for the pesticide analysis (Wang et al., 2005; Andersen, 2017) and has already been applied to
the antibiotics determination in water samples (Cimetiere et al., 2013). This method assumes
that for any analyte there is a specific analytical signal, which responds to that analyte and no
to other unknown sample component. It enables to correct both the ME and the recovery
losses and to quantify several compounds in the same sample (Saxberg and Kowalski, 1979;
Punt et al., 2017). Thus, the SAM is a good alternative to correct interferences during
antibiotics analysis in a complex matrix such as sludge or compost (Vom Eyser et al., 2014).
To our knowledge, there are no non-selective studies, i.e. without the use of solid phase
extraction, which allows simultaneously extracting and quantifying several classes of
antibiotics covering a wide range of polarity, solubility, and thus, different behavior in sludge

compost.

The aim of the present study was to propose a rapid and sensitive method for the extraction

and the analysis of three extensively used families of antibiotics, potentially present in sludge
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and composts: macrolides, tetracyclines and fluoroquinolones. Firstly, the antibiotics were
extracted by ASE and analyzed by ultra high performance liquid chromatography coupled to
tandem mass spectrometry (U-HPLC-MS/MS). Then, the matrix effect observed for each
antibiotic led to validate the method by using standard addition method. Finally, this approach

was applied to assess the fate of antibiotics during the sludge composting.

2. Materials and methods

2.1.Chemicals and reagents
Water (18.2MQ cm) was purified using a Milli-Q system (Millipore, Bedford, MA,
USA). LC-MS grade methanol, acetonitrile, formic acid, disodium ethylene diamine
tetraacetic (Na,EDTA), sodium dihydrogen phosphate (NaH,PO,), sodium hydrogen
phosphate (Na,HPO,) and citric acid were purchased from Fisher Chemical (USA).

The tetracyclines, chlortetracycline hydrochloride (CTC, 75% of purity) and oxytetracycline
hydrochloride (OTC, 95%); macrolide (roxithromycin (ROX, 90%) and the fluoroquinolones,
enrofloxacin (ENR, 98%) and ciprofloxacin (CIP, 98%) were purchased from Sigma-Aldrich-
France (F-38297, St-Quentin Fallavier). Ciprofloxacin-d8 (CIP-d8) was selected as a
chemical tracer to check the instrumental stability and was purchased from Dr. Ehrenstorfer
(Germany). The stock antibiotics solutions were prepared in methanol (HPLC grade, Sigma-

Aldrich) and were used directly for spiking.

Sodium phosphate buffer (SPB) was prepared by mixing 10.56 g of NaH,PO4 and 0.82 mL of
H3PO4in 1 L of water. SPB-EDTA (pH 4) was obtained by dissolving 80.0 g of Na,EDTA in
1 L of SPB. Phosphoric acid (PA) (50 mM) was prepared and mixed with acetonitrile (ACN)
to obtain a solvent mixture of ACN-PA (50:50, v/v). EDTA-Mcllvaine buffer (pH 4) was
obtained by dissolving 12.9 g citric acid, 27.5 g Na,HPO4 and 37.2 g of N EDTA in 1 L of

water.

2.2.Sample collection and storage
A composting experiment was conducted in a bioreactor for 180 days by using 3 substrates
(primary sludge, palm waste and grass) according to the composting approach described by
(Ezzariai et al., 2017). The final compost product, supposed to ensure the absence of

antibiotics, was used as a blank sample to establish and validate the analytical protocol.
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Before using the blank, it was kept at -20°C, freeze-dried, crushed and stored in amber glass

bottles.

2.3. Instrumental extraction and analysis

2.3.1. Extraction

The extraction of antibiotics from the compost samples was performed using an ASE 200
from Dionex (Sunnyvale, CA, USA). The ASE was operated with 22 ml stainless steel
extraction cells lined with glass fiber filters from Dionex. Freeze-dried and crushed compost
samples (1 g) were thoroughly mixed with 28 g of quartz sand in order to obtain optimum
pressure conditions, to increase contact — surface area between compost and solvents and to
prevent the overflow of the extraction cell (Pamreddy et al., 2013). The compost sample and
quartz sand were added to the extraction cell. The extraction procedure was divided into two
extraction stages for the same compost sample. The first extraction is conducted with the
SPB-EDTA mixture and the second one with the ACN-PA mixture. For each extraction stage,
the operating conditions were : extraction temperature, 100°C; extraction pressure, 1000 psi;
preheating period, 5 min; static extraction period, 15 min; extraction cycles number, 3 ; final
extraction volume, around 30 mL; solvent flush, 60%; nitrogen purge, 300 s. After the ASE,
two extracts were obtained (2 x 30 mL), centrifuged separately (10,000 rpm, 10 min, 4°C),
mixed and then centrifuged again. The supernatant was stored at -20°C until the analysis.
Between each extraction run, the cells were cleaned by a mixture of Milli-Q water and
methanol (50:50, v/v) followed by 30 min of ultrasonication in Milli-Q water. To avoid
adsorption of antibiotics onto silanol groups of the glassware surface, all glassware was rinsed

with Na,EDTA and dried at 50 °C before use.

2.3.2. Analysis

Antibiotic analysis was carried out using liquid chromatography-electrospray ionization
tandem mass spectrometry (LC-ESI-MS/MS). Antibiotics identification and quantification
were achieved with an Acquity ultra-performance liquid chromatography (UPLC®) coupled
to a Xevo triple quadrupole mass spectrometer (Waters, Milford, MA, USA). Antibiotics were
eluted on a T3 Cortecs C18 column (2.1 mm x 100 mm; 1.6 um; Waters) at 40 °C and a flow
rate of 0.3 mL/min with a mobile phase of ultra-pure water acidified with 1% formic acid
(solvent A) and acetonitrile (solvent B). The gradient elution program was set at 0 min (A: B)

100: 0, 3.5 min (A:B ) 35: 65, 3.6 min (A: B) 100: 0, 4.5 min (A: B) 100: 0. Samples were
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ionized in positive electrospray ionization mode (ESI+). The capillary voltage and source
temperature were set at 2 kV and 150 °C, respectively. The desolvation temperature and
nitrogen flow were 650°C and 800 L/h, respectively. Argon was used as collision gas at a
flow rate of 0.12 mL/min. Antibiotics were detected by the multiple reaction monitoring
(MRM), MRM transitions and their respective collision energies were reported in Table 1.
All the chromatographic data were monitored by Masslynx 4.1® software (Waters, Milford,
MA, USA).

Tableau 1: MRM parameters of the antibiotics analyzed in this study

Molecule tg(min) | Precursor Quantificatio Collision Confirmatio Collision
ion n transition energy (eV) | n transition | energy (eV)
ROX 3.28 837,532 679,433 22 158.017 36
OTC 2.00 461,223 426,129 20 200.981 44
CTC 2.47 479,096 443,999 22 153.865 30
ENR 2.18 360,223 245,046 28 203.075 42
CIP 2.05 332,223 245,080 26 231.029 36
CIP-d8 2.05 340,223 245,080 26 234.940 38

ROX, roxithromycin; OTC, oxytetracycline; CTC, chlortetracycline; ENR, enrofloxacin; CIP, ciprofloxacin; CIP-

d8, deuterated ciprofloxacin.

2.4.Method suitability
To calculate recoveries on the basis on the SAM, the blank samples (4 g) were spiked with 2
mL of standard solution of antibiotics diluted at 3 different concentration levels (low, medium
and high level). The ratio mass/volume was constant. To ensure adsorption equilibrium and to
allow complete evaporation of the methanol, the compost-antibiotics mixtures were stirred in
a mixer for 24h and left for an additional 24h at room temperature in the dark prior the

extraction.

To investigate ME, ASE extracts were spiked at 7 concentrations levels (0, 50, 100, 200, 300,
400 and 500 pg/L) with the standard solution of methanol containing the target antibiotics.
Solvent mixtures (SPB-EDTA, ACN-PA) calibration curve were spiked at the same levels and

compared with the matrix calibration curve.

Five blank samples were spiked at 200 pg/L of Cip-d8 to check the extraction reproducibility.
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3. Results and discussion

3.1.Antibiotics extraction
The extraction of chemical compounds in a complex solid matrix requires a methodology able
to separate the maximum of target compounds from matrices without chemical or physical
alteration of these compounds. Thus, ASE is the method of choice to get good ratio between
extraction yield and chemical targets preservation (Zuloaga et al., 2012). However, several
parameters such as extraction solvents, extraction duration, pressure, temperature and
extraction cycle, need to be optimized during the ASE protocols (Richter et al., 1996). As
shown by the Table 2, the pKa and Log Kow values are ranged from 2.74 to 12.5 and -0.62 to
2.53 respectively, for all target compounds. Indeed, the 3 families of antibiotics cover a wide
range of physical and chemical proprieties, leading to different behaviors. Therefore, the

extraction conditions should be a compromise between all these different proprieties.

The extraction of tetracyclines, macrolides and fluoroquinolones from several environmental
matrixes is known to be difficult (Tong et al., 2009). The tetracyclines can form strong
complex with the mineral part of the organic matter requiring the use of buffer agents (citric
acid, potassium phosphate) and EDTA. Under EDTA-buffer at pH 4, the tetracyclines are
neutral with a high affinity to the hydrophobic extraction conditions. Although the macrolides
are positively charged under these conditions, they are enough hydrophobic to be extracted
with the same buffer (Jacobsen et al., 2004). Similarly, the fluoroquinolones present strong
interactions with the organic matter that should be considered during their extraction (Ho et
al., 2012; Garcia-galén et al., 2013; Dorival-Garcia et al., 2015). Since the cationic and
amphoteric forms of the quinolones (ENR and CIP) are dominant at low pH value, the
electrostatics repulsions between quinolones and sludge or compost could be responsible for
the extraction efficiency at acidic pH (Pena et al., 2010). Selecting solvents such as methanol
or acetonitrile with the addition of an acid (formic or phosphoric acid) are recommended for
the fluoroquinolones extraction (Dorival-Garci’a et al., 2013). In addition, these conditions

are favorable to extract a part of ROX (Huang et al., 2013).

Antibiotics extraction from sludge and compost using the ASE is carried out at a temperature
between ambient temperature and 100°C, a pressure from 1000 to 1500 psi and 2 or 4 static
cycles from 5 to 15 min has been previously described (Golet et al., 2002; Garcia-galan et al.,

2013; Pamreddy et al., 2013).
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In the present study, the same compost sample was successively extracted with two solvents

mixtures. Each one is specific for the extraction of the tetracyclines, macrolides and

fluoroquinolones, and takes into account their physicochemical properties (Table. 2). The

extraction conditions (temperature, pressure and static cycle) were selected in order to break

down the strong interactions between antibiotics and the compost organic matter. Then,

matrix effects were evaluated to check the extraction efficiency for each antibiotic.

Tableau 2: Chemical and physical proprieties of antibiotics under study

Families Molecules | pKa Log Chemical structure
25°C) | Kow
Macrolides ROX 12.45 -
Tetracyclines CTC 4.5 -0.62
OTC 4.5 -0.9
Fluoroquinolones | ENR 2.74 2.53
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CIP 6.09 0.28

Compound abbreviations are given in Table 1.

3.2.Matrix effects evaluation
The ME was evaluated by comparing the slopes of the matrix-matched calibration curves with
the slope of the external standard calibration curves according to the following equation

(Matuszewski et al., 2003; Moreno-Gonzdlez and Garcia-Campaiia, 2017):

Slope of matrix matched calibration curve
ME (%) = < -1 =100

Slope of external calibration curve

The ME is not significant if the ME % value is lower than more or less 20 %. As shown in the
Table 3, the ME is not significant for ROX, OTC and ENR, and slightly significant for CTC
and CIP (ME % = -30 % for both antibiotics). For whole antibiotics ME % is negative,
meaning that the matrix effects lead to ion suppression in mass spectrometry. Indeed, the
extracts were darker after the ASE process, probably due to the concentration of the organic
compounds such as humic acids and lipids occurring during the extraction (Dorival-Garcia et
al., 2015). Studies have already reported that humic substances can cause significant ME that
can prevent the determination of antibiotics, by inhibiting the signal up to 50% (Gros et al.,
2006; Lopez-serna et al., 2010; Pamreddy et al., 2013; Dorival-Garcia et al., 2013; Bourdat-
Deschamps et al., 2014;). In LC-ESI-MS/MS, the signal suppression is generally assigned to
the interactions between solute-analyte thereby changing the MS response (Furey et al.,

2013).
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Tableau 3: Matrix effects (%) for the target compounds obtained after the extraction process
and the solid phase extraction

Calibration curve slope Matrix effects (%)
Compounds
Solvent Compost extract Compost extract
ROX 451,81 436,05 -3
OTC 94,934 80,138 -16
CTC 414,83 292,37 -30
ENR 304,37 254,03 -17
CIP 412,03 288,1 -30

Compound abbreviations are given in Table 1.

3.3.Method performance

Extraction repeatability and recovery rates obtained by the SAM were investigated to check

the extraction and LC/MS/MS performance.

The extraction reproducibility was evaluated for the fluoroquinolones family by spiking 5
compost samples with CIP-d8 at 200 pg/L. The ASE extraction presents good reproducibility

with a coefficient of variation (CV %) lower than 10% (data not shown).

Standard addition is a widely used method when matrix effects are significant or if the
analytes are poorly extracted from their matrix. These issues often occur for residual
antibiotics in complex matrixes such as compost (Aga et al., 2016). The SAM consists of
plotting the responses of the analyte obtained after successive addition of its standards with
known concentrations vs the amount of standard added. The resulting intercept on the abscissa
corresponds to the concentration of the target analyte (Saxberg and Kowalski, 1979). All ASE
extracts were spiked using a solution containing the 5 antibiotics at concentrations varying
from 50 to 500 pg/L in duplicate (Table 4). Linear regressions were good for the most part of
antibiotics with a coefficient of determination (R?) ranging from 0.95 to 0.99, except for CIP
with a R? lower than 0.95. Thus, the recovery rates for each antibiotic were calculated from
duplicated compost samples spiked at 3 concentrations levels before the ASE extraction and
using the SAM procedure. The recovery rates are 24-30%, 53-93%, 33-57%, 69-135% and
100-171% for ROX, CTC, OTC, ENR and CIP, respectively (Fig. 1). Generally, all spiking
levels showed that recovery rates are repeatable. CIP was not detected in the lowest treatment

level.
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Tableau 4: Range of the added concentration during the SAM validation

Addition Concentrations (ug/L)
points ROX OoTC CTC ENR CIp

1 0 0 0 0 0

2 37,8 87,3 86,6 20,4 20,4

3 75,6 174,5 173,1 40,7 40,7

4 113,5 261,8 259,7 61,1 61,1

5 151,3 349,1 346,2 81,4 81,4
6 189,1 436,4 432,8 101,8 101,8

Compound abbreviations are given in Table 1
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Figure 1: Total recoveries (%) of the target compounds.ND: Non-detectable. Low level,
Medium level and High level. ND: Non-detectable.

The ROX showed the lowest recovery rate compared to the other antibiotics, meaning that a
part of ROX was lost during the ASE process. Indeed, higher recoveries were obtained when
ROX was extracted from sludge with an ultra-sonication extraction using SPB-EDTA solvent
(Huang et al., 2013) or by using QuEChERS in presence of EDTA (Peysson and Vulliet,
2013). Moreover, a protocol based on PLE extraction with softer conditions ( 80°C, 1500 psi,

one static cycle of 5 min) enabled to recover 83% of ROX from sewage sludge (Nieto et al.,

2010).

For the tetracycline family, recovery rates are in agreement with those reported in previous
studies when PLE extraction was used with similar conditions (Ding et al., 2011). Moreover,
a recovery rate from 50 to 80% was obtained by using the room temperature and 2 static

cycles to extract CTC and OTC from soil (Jacobsen et al., 2004) whereas Lillenberg et al.
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(2009) obtained 26% of recovery rate with 5 extraction cycles of 10 min and a temperature of
110°C. These results suggest that high temperature and numerous and long static cycles in
ASE extraction can lead to degradation of both macrolides and tetracyclines (Gobel et al.,
2005; Arikan et al., 2007; Connor and Aga, 2007; Wu et al., 2011; Mullen et al., 2017).
Nevertheless, the recovery rates for tetracyclines with our ASE method are higher than those
reported in other methods using the PLE or other types of extractions (recoveries ranged from
26 to 59%) (Lillenberg et al., 2009; Shafrir and Avisar, 2012; Peysson and Vulliet, 2013;
Chen et al., 2013; Bourdat-Deschamps et al., 2014).

The highest recovery rates were obtained for ENR (from 69 to 135 %) and for CIP (100%-
171%) proving that the use of ACN-PA is a crucial step to extract the FQ correctly (Golet et
al., 2002b). Similar results were reported for FQ using the same solvent mixture with recovery
rates closed to 100 % (Golet et al., 2002b; Lillenberg et al., 2009). At high concentration, CIP
recovery was largely higher than 100%, this phenomenon could be explained by the strong
adsorption of CIP to particulate organic matter, which depend on the organic matter
composition (Belden, 2007; Uslu and Yediler, 2008). Indeed, during composting, the
composition of the organic matter changes modifying continuously the interactions between
CIP and the organic matter. Moreover, according to Freundlich isotherms, the sorption of CIP
onto sludge is non-linear (Polesel et al., 2015). Therefore, there is no equilibrium sorption of
CIP on sludge particles, which may influence sampling homogeneity and increase the
recovered CIP levels in the sludge. Recovered levels of CIP could be more important
especially when acetonitrile is used under an extraction temperature of 100°C as it was
observed by Garcia-galan et al. (2013) for other antibiotics compounds (recovery rate above
200%). Nevertheless, the observed recovery rates in this work for the FQs are more important
than those observed in the literature using the PLE or other extraction techniques (Uslu and

Yediler, 2008; Dorival-Garcia et al, 2013; Peysson and Vulliet, 2013; Marsoni et al., 2014).

3.4.Instrumental stability
ASE extracts were directly analyzed after centrifugation without additional clean-up step. As
high organic load is injected directly onto the LC/MS system, it is crucial to evaluate the
stability of the MS signal. Moreover, the SAM approach can be impacted by the stability of
the MS signal, particularly when sample batches are large (several hundred of samples). Thus,
CIP-d8 regarding its stability and absence in the compost samples was chosen as a chemical

tracer to verify MS signal stability during the assays. The instrumental stability in the current
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study was evaluated according to Richard B. Cole, (2010). Peak areas of CIP-d8 were used to
check the intermediate-term stability (Fig. 2A) by calculating RSD% (n* =6; * same compost
extract). Forty-eight series of 6 compost extracts, with different organic matter compositions
(approach adapted for a kinetic of organic matter evolution), were used to monitor the
instrumental stability. The intermediate-term stability was exploited to establish the long-term
stability (Fig. 2B) (RSD%) during 24 hours of acquisition. The instrumental variation
expressed as RSD% (Fig.2) showed that 93.75% of the measures of stability are below 15%,
despite the high level of organic matter in the extracts. All these data suggest that our method
is suitable to analyze compost extract with various organic matter compositions for at least 24
hours, without using additional clean-up step after ASE extraction. Elsewhere, as the
extraction method is not specific to a class of antibiotics, a wide range of antibiotics and their

metabolites could be assayed with this approach.
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Figure 2: Evaluation of intermediate-term (A) and long-term instrumental stabilities (B). Peak areas of
CIP-d8 were used to check the intermediate-term stability (A) by calculating RSD%.
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4. Method application

The primary sludge collected from the WWTPs of Marrakech was spiked by a mixture of the
target antibiotics, according to 2 different levels (L1 and L2), and mixed with the palm waste
and grass to conduct 3 co-composting experiments separately (Ezzariai et al., 2017). Our
analytical methodology based on the SAM was applied to assess the fate of antibiotics during
composting. However, the spiked compost samples at Ty (before composting) and Tigo (180
days of maturation) were retained to check antibiotic concentrations in each composting
experiment. Before the application of our analytical methodology, approximate antibiotic
concentrations (C,p) in Ty and Tigp was calculated using a matrix matched-calibration curve
established at 7 concentration levels (0, 50, 100, 200, 300, 400 and 500 pg/L). The C,, was
taken into account for choosing the added concentrations for the SAM application. All
samples were spiked in duplicate with a stock solutions containing the target antibiotics (not
spiked; 2xC,p; 4xC,p). The statistical significance difference of antibiotics concentrations

between Ty and T,gp was investigated by the ¢ test (SigmaPlot 12.0).
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Figure 3: The fate of extractible antibiotics during composting.* and **, probability of significance
according to t-test for p<0.05 and p<0.01 respectively (TO versus T180 for each condition). TO: initial
time of composting; T180: end of composting reached after 180 days. ND: Non-detectable.

B ROX, FEOTC, [&4ICTC and -] CIP. L1: Low level; L2: high level. Concentrations were normalized by
referring to the gram of ash content (g AC).

The recovery assay showed a values ranging from 20-29, 40-61, 50-63 and 87-153% for
ROX, CTC, OTC and CIP, respectively. The observed recovery rates are close to the
observed ones during the protocol validation and repeatable except the case of CIP. In

contrast, the ENR data were not interpretable regarding a problem of linearity. Composting
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can concentrate recalcitrant compounds which are present in the sludge (Lazzari et al., 2000;
Zorpas et al., 2003). The increase of some recalcitrant antibiotics could be due to the organic
matter weight loss during composting. In this view, to compensate this loss, all measurements
were normalized by referring to the ash content (AC). The evolutions of the extractible
concentrations of ROX, OTC, CTC and CIP during composting (between Ty and Tg) are
shown in the Fig. 3. At the end of composting, an elimination rate of 52-76, 69-100, 100 and
24-50 % respectively for ROX, CTC, OTC and CIP were observed for all treatments. The
removal of ROX, OTC and CTC was very significant (p<0.01) while CIP removal was not
significant (p>0.05). In agreement with previous literature, the composting process
contributes on the removal of residuals concentrations of ROX, OTC and CTC (Arikan et al.,
2009, 2007; Bao et al., 2009; Hu et al., 2011; Wu et al., 2011). In contrast, CIP still persists in
the final compost products ( Lillenberg et al., 2010; Selvam et al., 2012; Haiba et al., 2013).

S. Conclusion
In the present study, the target compounds belong to 3 different antibiotic families with
different physicochemical properties and behavior. The multiclass analytical method
developed in this work showed that using the SAM is validated on compost from sewage
sludge. The strong interaction created between antibiotics and organic matter during
composting required an aggressive extraction. An approach using ASE was proposed to cover
a wide range of antibiotic compounds by applying two successive extractions step with two
different mixture of solvent. The extracts were analyzed directly by the LC-MS/MS by
ensuring the instrumental stability (RSD% < 15%). The proposed study is a simple, fast and
relative sensitive method to assess the fate of antibiotics during sludge composting. To be
validated, this methodology needs to be performed on different types of matrix such as

compost, digester and soil with a wide range of antibiotics concentration.
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Chapitre 4: Devenir des antibiotiques au cours du
procédé de compostage
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Contexte :

Le chapitre précédent consiste en la mise en point d’une approche analytique dont 1’objectif
est de suivre le devenir des antibiotiques au cours des bioprocédés utilisés dans cette these.
L’application de cette approche analytique sur les essais de compostage permettra de mettre
en évidence la contribution du compostage vis-a-vis 1’élimination des antibiotiques. Dans
cette optique, la présente étude s’est intéressée a apporter des informations quant a
I’implication de la phase thermophile et la phase de maturation, ainsi que les rachis de palmier

envers 1’élimination des d’antibiotiques, au cours du compostage.
Principaux résultats :

Cette étude a montré que le compostage contribue a 1’élimination de la roxithromycine, Ia
chlortétracycline et I’oxytétracycline a des taux d’élimination de 52 a 100%. En revanche, la
ciprofloxacine (fluoroquinolone) persiste apreés maturation et son élimination est non

significative quelque soient les essais de compostage.

La phase thermophile est responsable de 1’¢limination de la roxithromycine, tandis que la
phase de maturation est imliquée dans [’¢limination de la chlortétracycline et
I’oxytétracycline. A des concentrations élevées d’antibiotiques, les taux d’élimination ont été
réduits en phase thermophile. Par conséquence, la phase de maturation joue un rdle
complémentaire vis-a-vis de 1’élimination des antibiotiques apres 1’inhibition de la phase
thermophile. La sorption/désorption de la ciprofloxacine sur les rachis de palmier pourrait

expliquer les fluctuations de concentrations durant les essais de compostage.

Ces résultats suggerent que la famille des fluroquinolones représente une préoccupation
environnementale importante. La présence d’antibiotiques et plus particliecrement les
fluroquinolones, doit étre prise en considération dans les réglementations futures qui

contrélent la valorisation du compost dans les sols agricoles.
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Abstract

The objective of this study was to investigate the fate of antibiotics during the two main
stages of sludge composting. The primary sludge, palm waste and grass were used as raw
materials. The sludge was spiked with roxithromycine (ROX), chlortetracycline (CTC),
oxytetracycline (OTC), and ciprofloxacine (CIP) at a low level (L2), medium level (L3) and
high level (L4), a control (L1) without antibiotics was also conducted. All composting
experiments were conducted separately during 180 days under optimized conditions in a
bioreactor. The target antibiotics were extracted from the compost using the accelerated
solvent extraction (ASE). An accurate determination of antibiotics was obtained by the
standard addition method (SAM) associated with ultra-performance liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS/MS). Physical and chemical results showed
that the highest antibiotics levels (L3 and L4) affected the thermophilic stage, the process
efficiency and the compost quality. For all treatment levels, ROX, CTC and OTC were
removed significantly with an elimination rate of 52-87, 69-95 and 100% respectively.
Whereas, CIP was not significantly removed during all composting experiments. The
thermophilic stage is responsible of the ROX removal. In contrast, the maturation stage is
more implicated on the removal of CTC and OTC. The sorption/desorption of CIP on palm
rachis could explain the observed behavior of this molecule during all composting stages. To
conclude, composting process could effectively remove parent compounds such as ROX,
CTC and OTC spiked even at highest concentration level, but CIP still persists in the final
compost. Metabolites levels must be checked and CIP removal needs to be improved to

ensure using the compost safely for amendment of agricultural soils.

Key words: Composting, Antibiotics, thermophilic stage, maturation stage, fluoroquinolones
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1. Introduction
Marrakesh wastewater treatment plant (WWTP) produces 50,400 kg/day of primary sludge
(Belloulid et al., 2016). A large amount of pathogens and unstable organic or inorganic
compounds are present in the primary sludge of Marrakesh (Amir et al., 2005; Hafidi et al.,
2008; El et al., 2015) which limit their direct application. Composting is an economical and
environmentally friendly biotechnology for the sludge treatment. During the stabilization and
the maturation stages, the organic matter is decomposed, pathogens are destroyed and humic
substances are built (Kogel-Knabner, 2000; Tuomela et al., 2000; Tiquia et al., 2002). The
final compost product can be used as a nutrient source for plant growth and to improve the

soil structure and its organic matter content (Farrell and Jones, 2009).

Besides pathogens and organic or inorganic compounds, sludge is contaminated by antibiotics
(Yang et al., 2011; Li et al., 2013; Michael et al., 2013; Zhang et al., 2013; Xu et al., 2015)
since they are widely used in the human medicine, and then excreted in the domestic
wastewater stream which arrives until the WWTP. As a consequence of the direct application
of sludge, antibiotics were found in soil, sediment, surface and underground water (Hamscher
et al., 2002; Rico et al., 2014). However, antibiotics emergence is one of the sources
contributing to develop antibiotic resistance in the microbiologic communities including

pathogen bacteria (Costa et al., 2011).

Tetracyclines (TCs), macrolides (MDs) and fluoroquinolones (FQs) are the most abounded
families in sludge (Shafrir and Avisar, 2012; Li et al., 2013; Zhang et al., 2013). Several
studies showed important removals of TCs (Arikan et al., 2007; Bao et al., 2009; Hu et al.,
2011; Wu et al., 2011) and MDs (Eguchi et al., 2012; Ho et al., 2012; Kim et al., 2012) after
their sludge composting with an elimination rate of 70-99%. In contrast, some studies found
that FQs family persist after sludge composting (Lillenberg et al., 2010; Selvam et al., 2012;
Haiba et al., 2013). Thermophilic conditions occurring during composting seemed to have a
huge impact on antibiotics elimination (Arikan et al., 2009; Wu et al., 2011). In addition,
adsorption on the used substrates during composting plays also an important role regarding
antibiotics elimination and limited their bioavailability towards microorganism involved
during thermophilic or maturation stages (Ezzariai et al., 2017). Composting performances
regarding the removal of TCs, MDs and FQs are also conditioned by the analytical approach
efficiency. Several extraction techniques were used to extract antibiotics from complex matrix
such as sludge or compost. Accelerated solvent extraction (ASE) was already used for the

extraction of TCs, MDs and FQs from sludge or compost (Golet et al., 2002; Jacobsen et al.,
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2004; Nieto and Pocurull, 2007; Lillenberg et al., 2009; Ding et al., 2011) and recoveries
ranged from 40-146% were obtained. Liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) is often used for antibiotics determination in sludge or compost
(Ben et al., 2008; Kipper et al., 2017). Nevertheless, interferences between antibiotics and
organic matter compounds could be developed in the electrospray source ionization (ESI) of
the MS/MS leading to the so-called matrix effect (ME) and a potential
suppression/enhancement of the signal is occurred (Cimetiere et al., 2013). The standard
addition method (SAM) assumes that for any analyte there is a specific analytical signal
which responds to that analyte and no to other unknown sample component. However, this
approach could serve as an alternative to remove the ME, recovery loses and quantifies

several compounds in a complex matrix such as compost (Vom Eyser et al., 2014).

Little information is given in previous studies about the effects of composting stages on the
antibiotic removal. This study aims to explore information about the contribution of the
thermophilic and the maturation stages as well the compost substrates, especially the

lignocellulosic one, on antibiotics removal.

2. Material and methods

2.1.Chemicals and reagents
Tetracyclines (CTC hydrochloride (75% of purity) and OTC hydrochloride (95%)), a
Macrolide (ROX (90%) and Fluoroquinolones (CIP (98%)) were purchased from Sigma-
Aldrich-France (F-38297, St-Quentin Fallavier). The stock of antibiotic solution was prepared
in methanol (MeOH-HPLC grade, Sigma-Aldrich) and used directly for spiking.

2.2.Composting experiments

Composting experiments were conducted in a bioreactor described by Ezzariai et al. (2017). 3
composting substrates were used during the experiments. The palm wastes, the grass and the
primary sludge (from the WWTP of Marrakech). The physical and chemical parameters of
composting substrates are presented in the Table 1.

The primary sludge was spiked by a mixture of 4 antibiotics according to a low level (L2:
MDs, 4 mg/kg DM; TCs, 10 mg/kg DM; FQs, 2 mg/kg DM), a medium level (L3: MDs, 20
mg/kg DM; TCs, 50 mg/kg DM; FQs, 10 mg/kg DM) and a high level (L4: MDs, 100 mg/kg
DM; TCs, 250 mg/kg DM; FQs, 50 mg/kg DM). A control (1) without antibiotics was

conducted. For all composting experiments, the stabilization stage was carried out in a
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composting bioreactor for 12 days and the maturation stage was conducted in a perforated bag

at the ambient temperature for 180 days.

Figure 1: The physical and chemical parameters of the composting substrates

Physical and | Primary | leaves waste | Palm rachis Grass
chemical sludge

parameters

pH 7.1£0.1 6.2+0.1 6.5+0.2 6.5+0.2
Moisture” (%, FW) 66.8+£3.9 6.1£0.1 19.7+£0.3 67.9+5.6
Ashes content” 45.5+0.4 11.1£0.1 63.7+0.5 18.4+0.4
(%, DW)

TOC” (%, DW) 34.5+0.3 56.3+0.1 23+0.9 51.7+£0.3
TN” (%, DW) 3.8+0.1 1.2+0.1 0.8+0.3 2.1£0.1
C/N 9 49 29 24

T Results expressed per unit weight fresh matter; ” Results expressed per unit weight dry matter; TOC:
Total Organic Carbon; TN: Total Nitrogen.

2.3.Sampling and physicochemical analysis
Sampling was carried out at Ty (before composting), Ts (after 5 days of the thermophilic
stage), T, (after 12 days of stabilization), Too (90 days of maturation) and Ty (after 180 days
of maturation). In each point, homogeneous samples were taken using the quartering method.
All samples were kept at -20°C, lyophilized, crushed and stored in amber glass bottles until
the analysis.
The physical and chemical analyses were conducted in triplicate. The pH was measured on
aqueous suspension (sample-water; %2; v/v). The moisture was determined by drying the
compost at 105°C during 48 h (AFNOR, 2000). The total organic carbon (TOC) and the ash
contents were determined after calcination in a muffle furnace at 600°C during 6 h. The total
nitrogen (TN) was determined according to the Kjeldahl method. The decomposition rate was
calculated according to the following formula (Paredes et al., 1996):

Decomposition rate (%) = 100 — 100[ Ashi(100- Achf)]/[Achf(100-Ashi)]

Ashi is the initial level of ash and Ashtf is the final level of ash.

2.4. Antibiotic extraction and determination
The target antibiotics were extracted from the compost samples using the ASE. The
quantification was carried out by the SAM associated with LC-MS/MS. The extraction and
the determination of antibiotics were conducted according to the proposed protocol by

Ezzariai et al. (2018) (in preparation).
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2.4.1. Pressurized liquid extraction (PLE)
Antibiotics extraction from compost samples was performed using an ASE 200 from Dionex
(Sunnyvale, CA, USA). The extraction procedure was divided into two main stages for the
same compost sample. The first extraction is conducted using a mixture of sodium phosphate
buffer and ethylene diamine tetraacetic (SPB-EDTA), and the second one is by using a
mixture of acetonitrile and phosphoric acid (ACN-PA).

2.4.2. Standard addition method (SAM)
Extracts were pretreated after the extraction process and then used directly for the SAM
application. All samples were spiked using a solution containing the 4 targeted antibiotics at 3

concentrations levels in duplicate (not spiked; 2xC; 4xC).

2.4.3. Liquid chromatography coupled with mass spectrometry in tandem (LC-MS/MS)
Ultra-performance liquid chromatography (UPLC) separations were performed on a T3
Cortecs C18 column (2.1 mm x 100 mm; 1.6 um; Waters). Mass spectrometry analyses were
carried out on an Acquity coupled to a Xevo triple quadrupole mass spectrometer and an
Acquity PDA detector (Waters, Milford, MA, USA). The mass-spectrometer was working in

ESI (+) under the multiple reaction monitoring (MRM).

Composting can concentrate recalcitrant compounds which are present in the sludge (Lazzari
et al., 2000; Zorpas et al., 2003). The increase of some recalcitrant antibiotics can be due to
the organic matter weight loss during composting. To compensate this loss, all measurements
were normalized by referring to the ash content (AC). In this view, all concentrations were

calculated in microgram per gram of the ash content (ug/g AC).

2.5. Kinetic model

Antibiotic degradation was evaluated according to the first-order kinetic equation (C = Cy e™)

and the half-lives were calculated using: #;,=In2/k

2.6.Statistical analyses
The statistical significance difference of antibiotics concentrations between T(-T;, and To-Tgo
was investigated by the 7 test (p<0.05, significant difference (*); p<0.01, very significant
difference (**)) for the treatment L2, L3 and L4. The statistical analyses were studied with
SigmaPlot 12.0.
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3. Results
3.1. Physical and chemical parameters

3.1.1. Temperature

All experiments reached a maximum temperature up to 64 °C after 32, 20, 33, and 51 hours of
the beginning of L1, L2, L3 and L4 experiments respectively. The thermophilic stage began
after 13, 13, 18 and 27 hours and its duration was of 64, 37, 53 and 50 h respectively for L1,
L2, L3 and L4. During the thermophilic stage, the temperature has remained above 60 °C for
48, 20, 33 and 20 h for L1, L2, L3 and L4 respectively. After the thermophilic stage, the
temperature decreased and stabilized around 25 °C until the end of composting for all
experiments except the case of L1 where a rebound was observed and lasted for 3.2 days with
a maximum temperature of 49 °C. After that, the temperature in the L1 stabilized around 35

°C toward the end of composting.

3.1.2. Total organic carbon (TOC), total nitrogen (TN), degradation rate and C/N ratio

The Table 2 shows the evolution of the physical and chemical parameters during all
composting experiments. A similar value of TOC, ranged from 46.3 to 47.0%, was observed
before composting. After 180 days of composting, the TOC decreased to 40.2, 40.5, 40.6 and
42.4% respectively for L1, L2, L3 and LA4.

After 12 days of stabilization, the TN decreased to 3.0, 2.8, 2.7 and 2.8% days respectively for
L1, L2, L3 and L4. At the end of the maturation stage, the TN increased to 3.3, 3.1, 3.1 and
3.1 respectively for L1, L2, L3 and L4.

At the final stage of composting, the organic matter reached a degradation rate of 40.2, 36.0,
34.9 and 29.8% and the C/N ratio is about 12, 12.7, 13 and 13.6 respectively for L1, L2, L3
and LA4.

3.2. Removal of antibiotics during composting stages

Fig. 1 showed the evolution of antibiotics concentrations during the composting process.

For L1 condition, all the target compounds were below the limit of detection except the CIP,
which showed a slight and non significant (p>0.05) decrease around 30% after composting

process.
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Tableau 2: The evolution of the physical and chemical parameters during all composting experiments

Experiments pH Moisture® TOC® TN’ (%) | DR’ (%) C/N
(%) (%)

TO 6.620.1 56.1+2.6 47.1£0.2 4.1+0.1 - 12

L1 T12 7.240.1 46.1+1.1 45.120.1 3.1+0.1 14.5%1.7 15

T180 6.8+0.1 40.1+0.4 40.2+0.2 3.3+0.1 40.3%1.5 12

TO 6.6+0.2 57.2+1.4 46.620.1 3.8+0.2 - 12

L2 T12 7.420.1 48.2+1.6 45.240.2 2.9+0.2 11.1£1.4 16
T180 6.9+0.2 35.3+0.9 40.5%0.2 3.2+0.2 36.4+0.3 12.7

TO 6.7+0.1 51.1£1.8 46.4%0.1 3.940.1 - 12

L3 T12 8.3+0.1 45.843.8 44.940.1 2.7+0.2 10.8+0.8 17

T180 7.320.1 36.1+2.1 40.620.1 3.1+0.1 34.9+0.1 13

TO 6.9+0.3 51.2+1.8 47.1+0.2 3.440.1 - 14

L4 T12 8.1+0.1 46.3%1.6 46.6+0.2 2.84+0.1 34429 17
T180 7.2+0.2 41.34£3.6 42.440.1 3.1+0.1 29.9+1.5 13.6

“Results expressed per unit weight fresh matter; ° Results expressed per unit weight dry matter; TOC:
Total Organic Carbon; TN: Total Nitrogen; DR: Degradation rate; TO: Before composting; T12: After
the stabilization stage; T180: After the maturation stage.

In L2 condition, ROX concentration decreased rapidly and reached an elimination rate of 93%
within 5 days of composting. After 12 days of stabilization period, ROX removal was around
100%. In the same treatment, the removal of OTC and CTC was not significant during the
stabilization stage (Fig. 1). Although, their removal increased significantly after the
maturation stage. OTC was removed completely during the first 3 months of maturation and
CTC was removed of about 62% after the maturation stage. A slight but no significant

(p>0.05) decrease of CIP (10% and 35%) was observed during all composting stages.

In the L3 treatment, ROX removal (44%) is lower than observed in the thermophilic stage of
L2 condition. Nevertheless, a removal of 83% was observed after the stabilization stage
(p<0.01). As observed for L2, OTC and CTC were strongly removed during the maturation
stage. OTC completely disappeared and CTC reached a decrease of 66%. CIP was not
significantly removed; this molecule persisted at a concentration of 32 pg/g AC until the end

of composting.
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Figure 1: The fate of antibiotics during all composting experiments. Concentrations are expressed referring to ash content (AC). * And **, probability of
significance according to t-test for p<0.05 and p<0.001 respectively (TO versus T12 or T180, for each condition). TO: initial time of composting; T12:
end of stabilization stage reached after 12 days; T180: end of maturation stage reached after 180 days.
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After the thermophilic stage of the L4 condition, ROX removal is only about 17%, which is
lower than those observed in L2 and L3 conditions. At the end of the stabilization stage, ROX
removal reached 79% between 5 and 12 days. For the first time, ROX removal occurs during
the first 3 months of the maturation stage. OTC, CTC and CIP removals were not significant
during the stabilization phase. OTC was completely and significantly removed after the
maturation stage and the CTC reached a significant removal of 90%. CIP showed a slight but
non-significant decrease and a concentration around 72 pg/g AC still persists until the end of

composting.

The Fig. 2 showed the elimination rate of antibiotics during the stabilization stage. The
thermophilic stage plays a crucial role on antibiotics removal. For L2, it was observed that
ROX was totally removed during the first 5 days of the stabilization phase, including the
thermophilic stage. Then, the kinetic of removal between 0 and 5 days, is affected by
increasing antibiotics concentrations. Instead of an elimination rate around 100% after 5 days
of the stabilization in L2, removals of 40 and only 20% were observed in L3 and L4
respectively. At the end of the stabilization stage, ROX was removed of about 80% in L3 and
L4. As it was described above, CTC and OTC were removed significantly in the maturation
stage. Nevertheless, a partially decrease (sometimes not significant) of these compounds was
observed during the stabilization stage and their removal is also affected by antibiotics
concentrations. In L2, an elimination rate of 46% was observed after 5 days of the
stabilization for CTC and OTC. This removal decreased until 40 and 25% in L3 and L4 for
CTC and OTC. The molecule belonging to the fluoroquinolone family (CIP) showed
fluctuations in concentrations and persisted during all composting stages. CIP removal was

not statistically significant during all composting stages as it was described above.

4. Discussion

a. Antibiotics effects on physical and chemical parameters during composting
The thermophilic stage is known by their important bacterial activity which leads to the
temperature increase (Tiquia, 1996). The high maximal temperature reached in all composting
experiments (up to 64 °C) would destroy most of the pathogens in sludge, leading to produce
compost that meets sanitary requirements (Bernal et al., 2009). Nevertheless, increasing
antibiotics concentrations delayed the coming of the maximal temperature and disturbed the
thermophilic stage. The observed effect on thermal parameters is a result of disturbing the

microbiological activity and then the organic matter degradation (Eguchi et al., 2012). For L3

124



and L4 treatments, the organic matter degradation is delayed and the C/N ratio is not close to
10. The delay of the TOC decrease (Wong et al., 2010) and the vulnerability of the nitrogen
transforming microorganisms (Liu et al., 2015) in the presence of high antibiotics
concentrations could be responsible of the observed effect on the C/N ratio (Selvam et al.,
2012; Arikan et al., 2009; Liu et al., 2015). The process efficiency and finally the compost

quality are affected by increasing antibiotics concentrations (Ezzariai et al., 2017).

b. Correlation between antibiotics elimination, composting stages and palm rachis
evolution during composting

The current study demonstrated a significant decrease in concentrations of ROX, CTC and
OTC during laboratory scale composting. These antibiotics compounds were removed by an
elimination rate of 52-87, 69-95 and 100% respectively after all composting experiments. A
number of previous studies have demonstrated that composting can result significant decrease
of antibiotic concentrations. ROX was found at low concentrations of 51.5 and 46.7 pg/kg in
a refined commercial and rice husk compost (Zhang et al., 2014). In addition, it was removed
completely after a soybean meal composting (Zhang et al., 2014). Several studies reported an
elimination rate ranging from 71 to 100% for the TCs after composting (Arikan et al., 2007;
Bao et al., 2009; Hu et al., 2011; Wu et al., 2011). However, as observed by numerous authors
(Haiba et al., 2013; Lillenberg et al., 2010; Selvam et al., 2012), non-significant removal of

CIP was observed in this work.

The effect of composting stages on antibiotics removal was assessed. In most cases, the fate
of antibiotics during composting was assessed especially for the compounds from
tetracyclines family (Arikan et al., 2009; Bao et al., 2009; Wu et al., 2011). Generally,
sorption is responsible of CTC and OTC removal due to the formation of chelates complexes
with organic substances (Kim et al., 2012). Previously, it was observed that thermophilic
composting was not significant in terms of tetracycline removal (Selvam et al., 2013). In
contrast, Arikan, et al. (2008) observed a decrease of 96% within the first 6 days of
composting. In the current study, a partial removal was observed for CTC and OTC during the
stabilization stage (half-lives varying from 11 to 34 days), but their removals were very
significant during the maturation stage. The contribution of fungi and actinomycetes could
explain the removal of CTC and OTC during the maturation stage. ROX was generally
removed during the stabilization stage with a half-life from 3 to 5.5 days, demonstrating the
implication of the thermophilic stage (Arikan et al., 2007; Wu et al., 2011) and more

particularly thermophilic bacteria and/or archaea microorganisms.
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It was observed that antibiotics removal during the stabilization stage was more effected in
the L4 condition, and some compounds were removed significantly during the maturation
stage (the case of ROX). In agreement of this study, increasing antibiotics concentrations
affected microorganism’s activity and then the removal of target compounds during the
thermohpilic stage (Eguchi et al., 2012). It could be concluded that composting stages play
complementary roles regarding antibiotics removal more particularly at high antibiotics

concentrations.

The composting substrates could lead to the sorption of antibiotics (Kim et al., 2012). In this
study, a lignocellulosic substrate (rachis palm) was used as a biological structuring agent. It
was observed that antibiotics adsorption on rachis is a key element which leads to protect the
composting process progress and controls the removal of antibiotics during the stabilization
and the maturation stages (Ezzariai et al., 2017). During all composting stages, CIP showed
some fluctuations in concentrations. In the other hand, CIP removal was not significant during
the process. However, CIP sorption and desorption on palm rachis could explain the obtained
results and behavior of this molecule during composting stages. A strong adsorption of CIP to
particulate organic matter was reported previously (Belden, 2007; Uslu and Yediler, 2008). In
addition, CIP adsorption depends on the organic matter composition (Belden, 2007), which is
varying continuously during composting. According to Freundlich isotherms, non linear
adsorption of CIP to the organic matter was observed (Polesel et al., 2015). Thus, non
equilibrium sorption and desorption could be occurred between CIP and palm rachis leading

to the observed fluctuations in concentrations.

5. Conclusion
The present study revealed that composting could remove ROX, CTC and OTC; whereas the
CIP could persist even at the end of the maturation stage. The thermophilic stage was
responsible on the ROX elimination. In contrast, the maturation stage was more implicated on
the removal of CTC and OTC. At high antibiotic concentrations, the thermophilic stage is
disturbed and the maturation stage plays a complementary role regarding antibiotics removal
especially for ROX. The sorption/desorption of CIP on palm rachis could probably explain
the observed behavior of this molecule during composting. These results suggest that
ciprofloxacin and perhaps fluoroquinolone family represent an important environmental
concern. So, in view of the important consumption of these classes of molecules, their

persistence in the environment (Haiba et al., 2013; Lillenberg et al., 2010; Selvam et al.,
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2012) and the large use of urban compost in agriculture, fluoroquinolones must be the subject

of future regulation.
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Chapitre 5 : Devenir des antibiotiques au cours de la
digestion anaérobie
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1. Synthese bibliographique: digestion anaérobie et
antibiotiques
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1.1.La digestion anaérobie

La digestion anaérobie consiste en une transformation de la matiere organique en biogaz,
mélange de méthane en de dioxide de carbone, par un consortium microbien et en absence
d’oxygeéne. Trois groupes de microorganismes ont ¢été identifiés durant le processus de
digestion anaérobie : (1) les microorganismes d’hydrolyse et (2) d’acidogénese (3) les
bactéries d’acétogenes et (4) les archées méthanogenes. Ces communautés microbiennes
définissent les 4 étapes dans le déroulement du processus de méthanisation (I’hydrolyse,
I’acidogénese, I’acétogénese et la méthanogénése) comme présenté dans la figure 1. La
digestion anaérobie est appliquée principalement pour la production du biogaz a partir des
résidus agricoles. En plus, il s’agit d’un outil aussi appliqué pour le traitement de la pollution
organique des déchets solides et des effluents agroalimentaires et industriels. La digestion
anaérobie est parmi les méthodes les plus utilisées pour la stabilisation de la boue et du fumier
soit pour des fins énergétiques ou pour une valorisation agronomique. Du point de vue
valorisation, la digestion anaérobie arrive a éliminer des polluants organiques et inorganiques
initialement présents dans la boue ou le fumier. Parmi ces polluants, notons les antibiotiques,
dont plusieurs travaux portent sur leur occurrence et devenir au cours de la digestion

anaérobie.

Polymeres complexes
(polysaccharides,
protéines, lipides)

0

Mono et oligomeére
(sucres, acides aminés,
acides gras)

0

Acides gras volatiles

¢ 0

Hydrogéne Acétate

Meéthane et dioxyde de
*@-) )

carbone

Figure 1: Processus de la digestion anaérobie (1 : I’hydrolyse et ’acidogéneése ; 2 : I’acidogénese; 3 et 4 : la
méthanogénese)
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1.2.La dissipation des antibiotiques au cours de la digestion anaérobie

Le tableau 1 présente une synthese bibliographique sur le devenir des antibiotiques au cours

de la digestion anaérobie.

Les essais de digestion anaérobie ont été généralement lancés en mode batch et peu
d’expériences ont été conduites en mode continu, qui est le mode d’opération représentatif de
I’échelle industrielle pour les boues. La digestion mésophile (35-37°C) est beaucoup plus
utilisée en dopant le substrat utilisé (boue ou fumier) par des concentrations d’antibiotiques
allant de 40 pg/L jusqu’au 2000 mg/L avec des durées d’incubation de 3 a 330 jours. Les
familles d’antibiotiques les plus étudiées sont les sulfamides suivies par les macrolides et les

tétracyclines. Peu de travaux ont été réalisés sur les fluoroquinolones.

Carballa et al. (2007) ont réalisé une étude sur le devenir des sulfamides (SMX) et des
macrolides (ROX) apres digestion d’une boue mixte en mode continu a deux températures
d’incubation (37 et 55°C). Les résultats de cette étude montrent des taux d’abattement
important de ’ordre de 94 et 99% pour la ROX et SMX respectivement. Sur le méme
substrat, Gonzales-Gil et al. (2016) ont trouvé des taux d’élimination similaires pour ces deux
molécules (85 et 90% pour la SMX et la ROX respectivement) en utilisant deux températures
d’incubation (37 et 55°C). Les taux d’élimination les plus élevés sont obtenus en conditions
thermophiles. La TYL qui est une autre molécule appartenant aux macrolides a montré une
biodégradabilité significative apres la digestion anaérobie mésophile avec des taux
d’¢élimination de 1’ordre de 100% (Mitchell et al., 2013). Globalement, les macrolides et les
sulfamides sont généralement biodégradables en conditions anaérobies et leur élimination
n’est pas conditionnée ni par la température d’incubation ni par le substrat utilisé. Le devenir
des tétracyclines au cours de la digestion anaérobie a été suivi principalement en utilisant le
fumier comme substrat et en conditions mésophiles (Tableau 1). Arikan et al. (2008) ont
trouvé que 75% de la dose administrée de CTC est éliminés apres 33 jours d’incubation. A
une durée d’incubation encore courte (21 jours), des taux d’éliminations de 53 a 91% ont été
observé par Alvarez et al. (2010) pour ’OTC et la CTC. Pour le cas des fluoroquinolnes, Ning
et al. (2017) ont enregistrés des taux d’élimination de 60 a 70% pour 4 molécules appartenant
a la famille des FQs (OFL, NOR, CIP et LOM). Par contre, d’autres études ont observées que
les FQs sont moins affectés par le processus de digestion (Martin et al., 2015) et des taux

d’¢limination de 30 a 50% ont été observés (Narmunya et al., 2013).
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L’¢limination des antibiotiques au cours de la digestion anaérobie n’est pas influencée par
certains parametres de fonctionnement, notamment la température et la durée d’incubation
(Carballa et al. 2007 ; Gonzalez-Gil et al., 2016). Par contre, méme si la température n’est pas
impliquée dans leur élimination, elle est associée a la diminution des effets oestrogéniques des

antibiotiques au cours de la digestion anaérobie (Gonzalez-Gil et al., 2016).

La digestion anaérobie continue est caractérisée par une phase de stabilisation ou le procédé
arrive a des conditions performantes et stables en termes de dégradation de la matiere
organique et de production de biogaz. Dans une étude menée par Carballa et al. (2007), la
stabilisation du procédé déclenche le début d’abattement de certains antibiotiques. Deux voies
principales sont impliquées dans 1’élimination des antibiotiques, 1I’'une est physique et I’autre
biologique. La dissipation physique consiste en la sorption sur la matiere organique, alors que
la dissipation biologique est liée a 1’activité microbiologique. La digestion anaérobie modifie
les groupements fonctionnels amino-carboxyliques des antibiotiques, ce qui a pour
conséquence de changer leur coefficient de dissociation et ainsi leur distribution entre la phase
aqueuse et solide. La variation de partage des antibiotiques entre les deux phases controle leur
dissipation physique ou biologique et ainsi leur élimination au cours de la digestion anaérobie
(Narumiya et al., 2013). L’¢limination de CTC et OTC est liée a leur forte adsorption sur la
fraction solide (Alvarez et al., 2010). Par contre, TYL est un composé qui s’adsorbe
faiblement, son élimination se fait plus facilement par voie biologique (Stone et al., 2009).
Les deux voies, physique et biologique, peuvent étre impliquées en méme temps dans la
dissipation de certains antibiotiques. L’élimination de TC et SMD est liée a leur adsorption
sur la fraction solide, toutefois leur dégradation est liée a ’activitée des microorganismes (Shi
et al., 2011). La digestion anaérobie est parfois conduite apres un prétraitement des substrats
utilisés, ce qui permet d’améliorer la production du biogaz et 1’abattement de la maticre
organique. Néanmoins, Li et al. (2017) ont appliqué ’hydrolyse thermique (160°C) comme
prétraitement pour évaluer sa contribution vis-a-vis de la dissipation des antibiotiques, mais

aucun effet significatif n’a pu étre observé.

1.3. L’effet des antibiotiques sur le procédé de digestion anaérobie

Plusieurs travaux ont étudié ’effet des antibiotiques sur la digestion anaérobie (Tableau 1).
Les effets observés concernent plus particulierement les communautés bactériennes
impliquées dans D’abattement de la matiere organique et la production du biogaz. Les

tétracyclines inhibent la production du biogaz de 20 a 65% apres ajout de CTC, TC et OTC a
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des concentrations allant de 0,25 a 550 mg/L (Massé et al., 2000 ; Lallai et al., 2002 ; Loftin
et al., 2005 ; Arikan et al., 2008 ; Stone et al., 2009 ; Alvarez et al., 2010 ; Shi et al., 2011).
La production du biogaz est beaucoup plus affectée par la CTC que ’OTC ou TC. La TYL est
la molécule la plus utilisée pour suivre 1’effet des macrolides sur la production du biogaz. A
des concentrations de 1.1 2 920 mg/L, la TYL affecte la production du biogaz de 28,4 a 40%
(Massé et al., 2000 ; Stone et al., 2009 ; Mitchell et al., 2013). L’inhibition de la production
du biogaz par les sulfamides differe selon chaque étude et parfois en utilisant la méme
molécule. La présence de la SMZ a des concentrations de 0.28 a 280 mg/L n’a pas d’effet sur
la production du biogaz (Mitchell et al., 2013). A D’inverse des auteurs ont montré que des
doses de 1,5 a 110 mg/L, de SMZ, SMD et SMX inhibent la production du biogaz de 20 a
35% (Massé et al., 2000 ; Loftin et al., 2005 ;Shi et al., 2011). Pour les FQs peu d’études
existent et seul I’article de Li et al. (2017) montre un effet sur la réduction de la matiere
volatile et la production du biogaz a des concentrations de 2 a 100 mg/L. de OFL, NOR, CIP
et LOM. A la lumiere des travaux précédents, plusieurs conclusions ont été faites pour
expliquer comment ces antibiotiques arrivent a inhiber le proces de digestion anaérobie. Les
effets inhibiteurs sont en fonction du type d’antibiotique utilisé et sa concentration de dopage
(Tableau 1). La présence des antibiotiques, a certaines concentrations, empéche I’utilisation
de I’acétate par les communautés homo-acétogénique et méthanogenes acétoclastiques, ce qui
conduit a I’accumulation des acides gras volatile ou la diminution du pH et ainsi 1’inhibition
de la production du biogaz (Laillai et al., 2000; Stone et al., 2009). Les antibiotiques ciblent
les communautés bactériennes qui sont 1’élément clé qui conduit a inhiber la production du

biogaz (Shi et al., 2011).

Les travaux bibliographiques montrent que peu d’études ont été focalisées sur les effets et le
devenir des antibiotiques durant la digestion anaérobie en conditions réalistes similaires aux
conditions industrielles. Les potentialités de la digestion anaérobie en présence d’un mélange

d’antibiotiques avec différents comportements sont aussi peu étudiées.
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Tableau 1: Devenir des antibiotiques au cours de la digestion anaérobie

Composés | Concentrations | Mode de La température Elimination | Temps de Substrat Inhibition du proces Références
initiales (unité) | fonctionnement d’incubation (°C) | (%) rétention utilisé
du réacteur (jours)
SMX 40 pg/L Continu 37 99 10, 20 et 30 | Boue mixte - Carballa et al.,
ROX 40 pg/L 55 94 2007
TYL 1.1 mg/LL Batch 10-20 - 216 Lisier de porc | Inhibition de la production du CH, et CO, par 27.8% | Stone et al., 2009
CTC 28 mg/L. et 28.4% en présence de CTC
SMX 8 ug/g Continu 37 85 330 Boue mixte - Gonzalez-Gil et
TMP 55 75 al., 2016
ERY -
ROX 90
Ampicillin | 0.35-350 mg/L Batch 37 100 40 Lisier de Pas d’effets de SMZ et AMP sur la production du Mitchell et al.,
Florfenicol | 0.36-360 mg/L 100 bovins biogaz a 280-350 mg/L. 2013
SMZ 0.28-280 mg/L Non dégradé TYL réduit la production du biogaz de 10 2 38% a
TYL 0.92-920 mg/L 100 130-913 mg/L.
FFL réduit la production du biogaz de 5%, 40% et
75% a4 6.4, 36 et 210 mg/L.
CTC Administration Batch 35 75 33 Fumier de - Arikan et al.,
d’une dose de 22 bovins 2008
mg/kg/jr
TC 0.25 mg/L Batch 25 - 20 Fumier de Les doses utilisées d’antibiotiques affectent la Shi et al., 2011
SMD 50 mg/L porc production du méthane et inhibent 1’activité
bactérienne.
TYL 110 mg/kg Batch 20 - 60 Fumier de La présence du pinicilline et TC réduit la production Massé et al.,
LINCO 220 mg/kg porc du méthane par 25-35% 2000
TC 550 mg/kg La présence des antibiotiques n’affecte pas la stabilité
SMZ 110 mg/kg du proces et ’efficacité du traitement.
PENIC 16 mg/kg
Carbadox 55 mg/kg
AMOX 60-120 mg/L Batch 37 - 21 Fumier de Le thiamphénicole affecte la production du méthane a | Lallai et al., 2002
OTC 125-250 mg/L. porc 80-160 mg/L.
Fénicol 80-160 mg/L Pas d’inhibition de la production du méthane a 60-120
mg/L d’AMOX

TC n’a pas d’effet sur la production du méthane.
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Tableau 1: Devenir des antibiotiques au cours de la digestion anaérobie

Composés | Concentrations | Mode de La température Elimination | Temps de Substrat Inhibition du proces Références
initiales (unité) | fonctionnement d’incubation (°C) | (%) rétention utilisé
du réacteur (jours)
OTC 10, 50 et 100 Batch 35 53-68 21 Fumier de La production du méthane est réduite a 65, 60 et 62% | Alvarez et al.,
CTC mg/L 90-91 porc par ajout d’OTC et CTC a des concentrations de 10, 2010
50 et 100 mg/L
CLX 0, 50, 200, 400, Batch 35 - 150 Boue activée | CLX affecte la production de méthane durant les 25 Luetal., 2014
600, 1000 et premiers jours d’incubation plus particuliérement pour
2000 mg/L les doses 1000 et 2000 mg/L.
Ceftiofur, 1.7-13.8 mg/L Batch 37 70 60 Fumier de L’association de deux familles d’antibiotiques Panseri et al.,
Danofloxa | 1.1-8.5 mg/L. 30 porc (Lincomycine et spectinomycine) inhibe la digestion | 2013
Micospect 14-112 mg/L. 34 anaérobie.
Danofloxacine réduit la production du biogaz par 10-
5%.
OFL 2,20 et 100 Batch 160 + 35 70.3 28 Boues Effet sur la réduction de la matiere volatile et la Lietal., 2017
NOR mg/L 69.9 production du biogaz a 100 mg/L
CIP 69.4
LOM 60.8
STZ 1.5-25mg/L Microcosme - - 3-14 Fumier de Inhibition de la production du méthane de 20 a 45% Loftin et al.,
SMZ Lagunes porc L’effet des antibiotiques a affecté partiellement la 2005
SMX DCO, la production des odeurs, température et pH.
Linco
CTC
OTC
TC
48 produits | - Digesteur de step 37 90 (SMZ et - Boue - Narumiya et al.,
pharmaceut TMP), 2013
iques 30-50 (OFL)
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2. Potentialités de la digestion anaérobie en mode
semi-continu vis-a-vis de I’élimination des
antibiotiques dans les boues
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Contexte :

La digestion anaérobie est parmi les procédés les plus utilisées pour le traitement des boues
des stations d’épuration. Les potentialités épuratoires de ce bioprocédé couvrent une large
gamme de micropolluants incluant les antibiotiques. Dans se sens, la digestion anaérobie en
mode semi-continu a été utilisée pour le traitement des boues primaires en présence

d’antibiotiques.

Le devenir des antibiotiques durant la digestion anaérobie en conditions réalistes, similaires
aux conditions industrielles, est peu traité dans la littérature. Cependant, la concentration de
contamination a été choisie conformément aux teneurs d’antibiotiques réalistes déja reportées
dans les boues. Trois familles d’antibiotiques ont été utilisées en mélange pour conduire
I’essai de digestion anaérobie en condition mésophile (37°C). L’objectif de cette étude est de
mettre en évidence les performances de la phase de stabilité vis-a-vis I’élimination des

antibiotiques.

Principaux résultats :

La présence des antibiotiques a une concentration réaliste de 2.5 mg/g MS n’a pas d’effet sur
la production du méthane ainsi que la dégradation de la matiere organique. Ces résutats
suggerent que les antibiotiques n’ont pas d’effets notables sur le déroulement normal de la
digestion anaérobie a 1’échel industriel a une concentration typique a celle utlisée. Durant la
phase de stabilisation, [’élimination de la roxithromycine, la chlortétracycline et
I’oxytétracycline est significative et elle est de 50, 100 et 59% respectivement. L’élimination

de ’enrofloxacine est non significative et elle est estimée vers 30%.

La digestion anaérobie peut éliminer partiellement les molécules parents des antibiotiques. La
biotransformantion est une voie principale d’élimination des antibiotiques ce qui donne lieu a
I’apparition des métabolites. Cependant, 1’application du digestat dans les sols agricoles doit
vérifier certains criteres a savoir la persistance de quelques familles d’antibiotiques, la

présence des métabolites et des genes de résistance aux antibiotiques.
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Abstract

The behavior and removal of the antibiotics roxithromycin (ROX), oxytetracycline (OTC),
chlortetracycline (CTC) and enrofloxacin (ENR) were investigated during the steady-state of
a sludge anaerobic digestion experiment in semi-continuous mode (37°C). A primary sludge
was spiked at realistic concentrations (50 pg/L of each antibiotic) and then used to feed the
bioreactor for 80 days. The target antibiotics were extracted from the substrate and digested
sludge samples by accelerated solvent extraction (ASE). An accurate determination of
antibiotics was obtained by the standard addition method (SAM) associated with the liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The presence of antibiotics at a
concentration of 2.5 pug/g DM had no inhibitory effects on the methane (CH4) production, the
total and volatile solids (TS and VS) removal as well as the chemical oxygen demand (COD)
removal. At steady-state, antibiotics were removed significantly by 50, 100 and 59 %
respectively for the ROX, OTC and CTC. ENR removal was not statistically significant but
could be estimated at 36%. Anaerobic digestion process could partially remove parent
compounds, but ROX, CTC and ENR still persisted in the digested sludge. This study
highlights the potential of anaerobic digestion as a sludge treatment for mitigating, but not

suppressing, the release of antibiotics through sludge application.

Key words: Antibiotics, Sludge, Anaerobic digestion
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Nomenclature

Abbreviation Definition

AD Anaerobic Digestion

ASE Accelerated Solvent Extraction
CHy4 Methane

CODq Soluble Chemical Oxygen Demand
COD; Total Chemical Oxygen Demand
CTC Chlortetracycline

ENR Enrofloxacin

FQs Fluoroquinolones

MDs Macrolides

OTC Oxytetracycline

ROX Roxithromycin

SAM Standard Addition Method

TCs Teteracyclines

TS Total solids

TSS Total Suspended Solidss

VS Volatile solid

VSS Volatile Suspended Solids
WWTPs Waste Water treatment plants

1. Introduction
In the last decade, antibiotics have been increasingly used worldwide with an annual
consumption between 100,000 t and 200,000 t (Jeong et al., 2010). Antibiotics used for
human consumption are partly excreted in urine and feces which arrives up to the wastewater
treatment plants (WWTPs). WWTPs include different processes which are not specifically
designed for antibiotics removal and are thus regarded as limiting for antibiotics elimination
(Mao et al., 2015; Polesel et al., 2016). As a result, antibiotics are not efficiently removed by
the conventional WWTPs and a part of these molecules is adsorbed in the sludge and the
other remains in the treated water, the latter being directly discharged into surface water
(Michael et al., 2013; Xu et al.,, 2015). In raw sludge, macrolides, tetracyclines and
fluoroquinolones are present at concentrations varying from 33.8 to 1074 pg/kg dry matter
(DM), from 0.12 to 3262 pg/kg DM and from 0.75 to 4328 ng/kg DM respectively (Petrovic,
2009; Zhou et al., 2009; Li et al., 2013; Verlicchi and Zambello, 2015; Ezzariai et al., 2018
(submitted)). As a result, sludge contributes to the release of antibiotics to the environment by
their direct application (Luque-Munoz et al., 2017) which could be responsible for the
contamination of soil (Rico et al., 2014). Antibiotics could then be transferred and reach
sediments (Rico et al., 2014), surface water (Hamsher et al., 2002), underground water
(Hirsch et al., 1999) and plants biomass ( Kumar et al., 2005; Dolliver et al., 2007; Prosser

and Sibley, 2015). Antibiotics dissemination can also alter the microbial communities in the
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environment and result in the emergence of antibiotics resistant bacteria and the transfer of
antibiotic resistance genes (Costa et al., 2011; Li et al., 2015), and could impact soil

organisms and biodiversity (Pino-Otin et al., 2017).

Sludge application could act as a source of nutrients for plant growth and a conditioner to
improve the soil structure and its organic matter content. Beyond its agronomic advantages,
soil fertilization with sludge is also virtuous in the overall context of waste recycling and
resources preservation. However, an effective process must be used to treat sludge and
mitigate the antibiotics release into the environment. Anaerobic digestion (AD) is a widely
used process for the treatment of sludge generated from WWTPs, with economic and
environmental benefits (Stasinakis, 2012). The potentiality of AD for partially removing a
wide range of pollutants, including antibiotics, has been demonstrated (Carballa et al., 2007;
Bernal-martinez et al., 2009; Alvarez et al., 2010; Barret et al., 2010; Barret et al., 2012; B;
Mitchell et al., 2013; Malmborg, 2015; Semblante et al., 2015; Gonzalez-gil et al., 2016;
Aemig et al., 2016; Youngquist et al., 2016; Spielmeyer et al., 2017; Ghattas et al., 2017). AD
of sludge contaminated with antibiotics questions (i) the efficiency of AD for removing
antibiotics and (ii) the potential negative effects of antibiotics on the AD process. Generally,
the fate and effects of antibiotics during the AD are investigated separately. The experimental
design of studies focused on the fate of antibiotics was generally based on realistic
concentrations which are not able to inhibit the process. Using concentrations from 0.4 to 1.1
pg/g (10 to 40 pg/L) (ROX, ERY, SMX, SMZ) showed that AD of sludge in continuous
mode removed sulfonamides and macrolides from 75 to 99% (Carballa et al., 2007; Gonzalez-
Gil et al., 2016). Ciprofloxacin and norfloxacin were found at concentrations of 2660 and
4328 ug/kg DM respectively from a full-scale digester (Martin et al., 2014), demonstrating
that the AD process is partially effective regarding FQs removal. Antibiotics removal varies
according to antibiotics properties, AD mode, used substrates (sludge or manure) and
incubation time. Besides, the potential inhibitory effect of antibiotics on the AD process by
increasing antibiotics concentrations was investigated. The decreases of biogas production
and organic matter removal rates as well as the effects on methanogenesis are the most
affected. At initial concentrations from 20 to 4580 pg/g (0.35 to 920 mg/L), macrolides,
tetracyclines and fluoroquinolones have been shown to inhibit the biogas productions from 8
to 64.1% during the mesophilic AD in batch mode (Arikan et al., 2006; Stone et al., 2009;
Alvarez et al., 2010: Chelliapan et al., 2011; Mitchell et al., 2013; Li et al., 2017). These

inhibitory effects could be a result of using antibiotic mixtures which may affect propionate
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and butyrate-oxidizing syntrophic bacteria, leading in unfavorable effects on methanogenesis

(Aydin et al., 2015).

Literature is still scarce about the fate of antibiotics in realistic conditions. Indeed, very few
studies were setup with realistic antibiotic concentration, taking into account potential mixture
effects, and in operating conditions that are representative of the full scale anaerobic
digestion. In this study, sludge was spiked with four extensively used antibiotics (ROX, CTC,
OTC and ENR) with demonstrated occurrence in sludge. An AD experiment was conducted
in mesophilic condition (37°C) and in semi-continuous mode. The objective of this work was

to study the fate of antibiotics in realistic conditions during the steady-state.

2. Materials and methods

2.1. Antibiotics

The Tetracyclines (CTC hydrochloride (75% of purity) and OTC hydrochloride (95%)), a
Macrolide (ROX (90%)) and a Fluoroquinolone (ENR (98%)) were purchased from Sigma-
Aldrich-France (F-38297, St-Quentin Fallavier). The stock antibiotics solutions were prepared
in methanol (HPLC grade, Sigma-Aldrich) and used directly for spiking sludge at a

concentration of 50 pg/L/Molecule.

2.2. Chemical analyses

Total Solid (TS) and Volatile Solid (VS) contents were determined after desiccation (24h at
105°C) and calcination (4h at 550°C) respectively. The same procedures were followed to
measure the Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) starting with
the pellet of a known volume of centrifuged sample (18,600 x g, 20 min, 4°C). The chemical
oxygen demand (COD) was measured on the total sludge (CODt ) and the supernatant after
centrifugation (CODs) according to the international standard ISO 15705:2002 using a
Spectroquant kit (Merk, range 0-1500 mgO,/L) with an optical density measurement (HACH
LANGE DR5000 spectrophotometer). The biogas content (CH4, CO,, N, O,, and H,S) was
analyzed using the GC Clarus 480 Gas Chromatography system (Perkin Elmer, USA) after
injection of 200 pl of the gas sample. The volatile fatty acids (VFAs) i.e. acetate, propionate,
butyrate, isobutyrate, valerate and isovalerate were quantified using a gas chromatograph
(Perkin Clarus 580) with capillary column [Elite-FFAP crossbond®carbowax® (15 m), 130

°C, N2 as gas vector with flow rate of 3 mL/min] and equipped with a flame ionization
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detector maintained at 250°C. Before use, 500 uL of centrifuged bulk sludge (20 min., 18600
G) were mixed with 500 pL of internal standard (ethyl-2-butyric acid, 1 g/L).

2.3. Sludge characteristics

A primary sludge was collected from the WWTP of Marrakech (Morocco), treating domestic
and industrial wastewater using an activated sludge process including a tertiary treatment.
Marrakech WWTP treats the waste water of a population equivalent about 1,300,000 with a
capacity of 120,000 m*/day (Belloulid et al., 2016). After sampling, sludge was stored at -
20°C. This primary sludge was diluted at 32.15+2.1 gTS/L in order to adjust the organic
loading in the AD experiment (1.4 gCOD/day/L). The diluted sludge was spiked by a mixture
of 4 molecules of antibiotics (ROX, CTC, OTC and ENR) at a concentration of 50
pg/L/molecule (2.5pug/gDM).

The anaerobic inoculum for the AD experiment was collected from a full-scale reactor in
Limoges (France). The main characteristics of the substrate, the inoculum and the digested

sludge are shown in Table 2.

Tableau 2: The main characteristics of the substrate, the inoculum and the digested sludge

TS (g) VS (g) TSS (g/) VSS (g) CODt (g) | CODs
(g

Inoculum 3710,1 26+0,1 31+0,1 22+0,1 40+4,9 1+0,1
Susbtrate 32 2.1 21 +3.3 30 +4.4 26+2.1 45+10.02 240.1
Digested 20+0.3 1440.3 19+0.8 1241.1 234+0.9 0.840.1
sludge*
(Steady-state)
Removal (%) | 38 36 38 51 46 62

*These results are a mean values for the five retained samples during the stady-state (after 1.6, 2,

2.4, 3 and 3.7 HRT).

2.4. Anaerobic digestion

The AD of the primary sludge was performed using a cylindrical reactor working under
mesophilic temperature (37°C) in semi-continuous mode (Fig. 2). The total volume of the
reactor was 6 L and the working volume was 5 L. The hydraulic retention time was fixed at
20 days. The reactor was equipped with 4 connections to feed substrate, withdraw digester
and measure the produced biogas (quantity and quality). A mechanic stirring system, operated
continuously at a rate of 60 rpm, was used to improve the mass transfer in the reactor. The
temperature was maintained at 37°C by a thermostatic double jacket containing water. The

volume of biogas produced was measured on-line by Milligascounter MGC-1 flow meters
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(Ritter gas meters) fitted with 4-20 mA output. The outlet of this ritter was connected to a
closed bubbler containing a NaOH solution (IN) for CO, trapping. The volume of methane
was measured at the outlet of the bubbler using another ritter. The “’Modular SPC’’ software
developed at the INRA Narbonne laboratory (Torrijos et al., 2014) was used to log the online
data.

Feeding and withdrawing were carried out manually five times per week. The semi-
continuous reactor has been operated for 4 hydraulic retention times (80 days). The TS, VS,
TSS, VSS, CODt and CODs analyses were carried out 3 times per week. In order to analyze
the antibiotics, 3 homogenous samples of digested sludge and one homogenous sample of the
inlet substrate were constituted from day 30 to day 80. For the digested sludge, the retained
points correspond to average outlet samples at 1.6, 2.4 and 3.7 (HRT). After freeze-drying and

grinding, the samples were stored in amber glass until antibiotics extraction.

Aquisition of pH,
temperature biogasand
methane production

Biogas sampling . .

Sludge 4

Water 37°C

Digested sludge

Water 37°C

Figure 2: Schematic representation of the semi-continuous reactor
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2.5. Antibiotics extraction and quantification

The target antibiotics were extracted from the digested sludge samples using the ASE and an
accurate determination by the standard addition method (SAM) associated with LC-MS/MS
according to the protocol proposed by Ezzariai et al. (2018) (submitted) that was adapted in

this case for the digested sludge samples.

Antibiotics were extracted using an ASE 200 from Dionex (Sunnyvale, CA, USA). The
extraction approach consisted of using two solvent mixtures to extract antibiotics from the
same digested sludge. The first extraction step was carried out using sodium phosphate buffer
and ethylene diamine tetraacetic (SPB-EDTA), and the second one was conducted using

acetonitrile and phosphoric acid (ACN-PA, 50:50, v/v).

The standard addition method was applied directly on the ASE extracts. All samples were
spiked using a solution containing the 4 targeted antibiotics at 3 concentrations levels in

duplicate (not spiked; 2xC; 4xC).

For antibiotic analysis, ultra-performance liquid chromatography (UPLC) separations were
performed on a T3 Cortecs C18 column. Mass spectrometry analyses were carried out on an
Acquity coupled to a Xevo triple quadrupole mass spectrometer and an Acquity PDA detector
(Waters, Milford, MA, USA). The mass-spectrometer was working in ESI (+) under the

multiple reaction monitoring (MRM).

2.6. Validation of antibiotics quantification method

The analytical method was validated in term of linearity and trueness.

Linearity. Linear correlation coefficient (Rz) was evaluated after the SAM. The results
showed that the R? coefficient ranged from 93% to 99% in all cases which indicates a good

linearity.

Trueness (recovery assays). A digested sludge sample was spiked in duplicate at a
concentration of 50 pg/L using a standard solution containing the 4 target compounds. The
results showed a recovery rate of 55, 25, 38 and 102% respectively for ROX, OTC, CTC and
ENR. These recovery rates are approximately close to those obtained during the protocol
validation (Ezzariai et al. (2018) (in preparation) where more detailed explanations about the
recovered concentrations, impacts of extraction conditions and antibiotics stability were

discussed.
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2.7. Statistical analyses
The statistical significance of antibiotics concentrations difference between substrate and
digested sample was assessed using the 7 test (p<0.05, significant difference (*); p<0.01, very

significant difference (**)). The significance tests were performed using SigmaPlot 12.0.

3. Results and discussion

3.1. Anaerobic digestion performances

During all the experiment, the pH values remained between 6.90 and 7.35 and therefore in the
range reported in the literature for standard process conditions (Gil et al., 2017).During the
transitory phase, the TS, VS, TSS and VSS decreased and stabilized after 30 days (Fig. 3). A
summary of feeding and digested sludge characteristics at steady state is provided in Table 2.
At steady state, TS, VS, TSS and VSS were of 20+0.3, 14+0.3, 19+0.8, 12+0.9 g/L
respectively. The recorded elimination rates were about 38, 36, 38 and 51 % for TS, VS, TSS
and VSS respectively.

The CODt and CODs exhibited the same pattern (Fig. 3) and stabilized at 23+0.9 and 0.8+0.1
respectively. During the AD, the CODt and CODs elimination rates were 46 and 62%

respectively.

The Fig. 4 shows the biogas production rate and composition during the AD operation. After
20 days, the methane content reached 62% and remained stable until the end of the operating
period. The methane production efficiency varied from 12 to 87 mL/g COD added (mean
value of 32 ml/ g COD added).

Besides, the VFA concentrations were about 0.03-0.116 g/L. and 0.03-0.079 g/L respectively
for the acetic and the butyric acid during the process. Propionate, isobutyrate, valerate and
isovalerate acids were not detected during all the AD process. The highest values of the VFA
were measured in the transitory stage. Generally, low VFA concentrations were detected

which demonstrate the absence of accumulation of intermediary metabolites in the digester.

Taken as a whole, TS removal, COD removal, biogas yield and methane content were in the
range of process performances usually measured (Carballa et al., 2007; Gonzalez-Gil et al.,
2018, 2016), i.e. in absence of any inhibitory effect. This observation suggests that the
cocktail of antibiotics (ROX, OTC, CTC and ENR at 28+3.8, 12.4+2.7, 19.1+3.8 and 51.2+24

pg/L respectively) used in this study had no marked inhibitory effects on all studied
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Figure 3: Dynamics of TS (panel A), VS (B), TSS (C), VSS (D), CODt (E) and CODs (F) during the anaerobic
digestion of sludge spiked with antibiotics. (F), feeding sample; (W) withdrawing samples.
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Figure 4: Dynamics of the volumetric biogas / methane production rates (A) and of the biogas
composition (B) during the anaerobic digestion

parameters (especially biogas production or the VS removal). This concentration is realistic
and corresponds to the antibiotics concentrations range reported in sludge (Narumiya et al.,
2013, Martin et al., 2014; Verlicchi and Zambello, 2015). On the other hand, this absence of
inhibitory effect is consistent with literature. Indeed, the lowest concentrations for which an
inhibition was reported in previous studies are from 0.25 to 28 mg/L (Arikan et al., 2006;
Stone et al., 2009; Alvarez et al., 2010; Chelliapan et al., 2011; Mitchell et al., 2013; Li et al.,
2017). In addition, the spiked concentration is not effectively reached in digesters operated in
semi-continuous or continuous mode (unless antibiotics are not removed at all) whereas it is
reached at time O in batch mode. These intrinsic properties of operating modes might also

contribute to explain gaps between different experimental setups.
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3.2. The fate of antibiotics during anaerobic digestion
As described above, 3 sampling dates during the steady-state (after 1.6, 2.4 and 3.7 HRT)
were chosen to quantify the antibiotics in sludge and calculate the mean concentrations at

steady state. The Fig. 5 shows these concentrations in the substrate and digested sludge.
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Figure 5: Concentrations of antibiotics in sludge before and after AD.* and **, probability of
significance according to t-test for p<0.05 and p<0.01 respectively (substrate versus digested sludge).
ND: not detected.

The concentrations of antibiotics in spiked sludge are in agreement with the concentrations
occurring in sudge (Ezzariai et al., Submitted) and with the concentrations used in other
reported studies focused on AD (Carballa et al., 2007; Gonzalez-Gil et al., 2016).
Nevertheless, some recovered concentrations are lower than the spiked one. More detailed
explanations about the impacts of extraction conditions and antibiotics stability during the

analytical approach were reported previously by Ezzariai et al. (Submitted).

The concentrations in digested sludge were about 14+3.8, 7.8+3.3 and 32.8+3.4 ng/L for
ROX, CTC and ENR respectively. OTC was not detected in the digested sludge. The
difference between inlet and outlet concentrations was very significant for ROX and OTC (p
value of 0.02 and <0.001 respectively) and significant for CTC (p=0.015). In the case of ENR,
the difference was not statistically significant (p=0.177). The yields of ROX, OTC and CTC

removal were about 50, 100 and 59% respectively.

The ROX removal after the AD of sludge, in a semi-continuous mode, was estimated between
60 and 94% (Carballa et al., 2007; Narumiya et al., 2013; Gonzalez-Gil et al., 2016). The

removal rate measured in our study (Fig. 5) was thus in the lower range of the values
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previously reported. In batch mode, an enhancement of the ROX removal rate was observed
between the AD of sludge and wastewater (Alvarino et al., 2016a). The authors concluded
that sludge represents an external carbon source leading to increased antibiotics removals.
This “cometabolism” effect had also been reported previously for other xenobiotics (Barret et
al., 2012, 2010). In our experiment, the cometabolic potential is might be lower than the other
studies, regarding the low content of organic matter in the used substrate (45.5+0.4% of Ash

content in the raw sluge).

The tetracyclines removal rates observed in the current study (100 and 59% respectively for
OTC and CTC) are consistent with other published studies, despite they were carried out in
batch mode. For example, CTC removal of 75 and 64% was achieved after 33 and 216 days of
incubation respectively (Arikan, 2008; Stone et al., 2009). During a short incubation (21
days), a removal of 53-91% was observed for OTC and CTC, depending on the spiked
concentration of antibiotics (Alvarez et al., 2010). However, no influence of HRT on
antibiotics removal was observed in continous mode (Carballa et al., 2007; Gonzalez-Gil et

al., 2016).

On the other hand, a removal of 36% for the molecule belonging to the fluoroquinolone
family (ENR) was observed in this study. In several works, the fate of fluoroquinolones was
investigated during sludge AD in batch mode. The reported results showed that
fluoroquinolones were not efficiently removed by the AD process (Golet et al., 2003; Martin
et al., 2014) and removal rates of 30-50% for norfloxacin and ofloxacin were previously
observed (Narumiya et al., 2013). Fluoroquinolones behavior could explain the lowest
removal rate that was observed after the AD process when compared to other antibiotics.
Fluoroquinolones tend to adsorb to particulate organic matter (Otker and Balcioglu, 2005;
Belden et al., 2007) mainly via electrostatic interactions with negatively charged particles
(Golet et al., 2003). In addition, non-linear sorption of FQs onto sludge particles was
demonstrated (Polesel et al., 2015) which may decrease their bio-availability. On the other
hand, the functional groups of FQs can decrease their affinity with the microorganisms during
the AD (Zhang et al., 2015). Hence, fluoroquinolones sorption and their interaction with
microorganisms could be the main contributors which lead to the lowest observed removal

rate.

Little is known about organisms and processes involved during the removal of antibiotics

(Ghattas et al., 2017). A decrease of the parent compounds is not necessarily related to a
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complete mineralization (Carballa et al., 2004; Gébel et al., 2007; Xu et al., 2007). "*C
labeling is a powerful tool to investigate their fate. For example, Alvarino et al. (2016a) used
this approach and demonstrated that complete mineralization to CO, accounted for less than
5% of sulfamethoxazole removal, while biotransformation was the main process resulting in
the presence of metabolites compounds. In addition, minor structural modifications of the
transformation products of tetracyclines, such as O-demethylation and hydrogenation, did not
considerably reduce their antimicrobial activity (Spielmeyer et al., 2017). Moreover, in some
cases, it was reported that digested sludge still presented genotoxic affects (Mitchell et al.,
2013; Gonzalez-Gil et al., 2016). For a lot of antibiotics classes, biotransformation was the
main removal mechanism compared to mineralization and sorption (Alvarino et al., 2016a,

2016b, Gonzalez-gil et al., 2018, 2016; Spielmeyer et al., 2017).

2. Conclusion
In the realistic conditions of this study, the antibiotics ROX, CTC, OTC and ENR had no
inhibitory effects on the AD of sludge. This result suggests that antibiotics might not inhibit
AD process in full-scale digesters fed with sludge containing typical antibiotics
concentrations. Among the four molecules, ROX, CTC and OTC exhibited the highest
removal. In contrast, the molecule belonging to the FQs family was not removed significantly.
The AD is more effective for macrolides and tetracyclines removal. Even if we demonstrated
the potential of AD for partially removing these antibiotics, ROX, CTC and ENR persisted in
digested sludge, as parent compounds. In addition, biotransformation mechanisms could be
involved during parent compounds removal, thus questioning the suitability of digested
sludge for application and its implication in terms of toxicity, antibiotics and antibiotics

resistance dissemination in the environment.

Acknowledgements

This research was supported by a Franco-Moroccan project (TBK/16/33) and Centre National
de la Recherche Scientifique et Technique in Morocco (Bourse d’excellence, édition 2015).
We would like to thank for their financial support the French Environment and Energy
Management Agency-ADEME (convention n°1706C0023) and the French Agency for Food,
Environmental and Occupational Health & Safety-ANSES (Call 2017/3 ABR/00S).

References

Aemig, Q., Chéron, C., Delgenes, N., Jimenez, J., Houot, S., Steyer, J., Patureau, D., 2015.
Distribution of Polycyclic Aromatic Hydrocarbons ( PAHs ) in sludge organic matter

157



pools as a driving force of their fate during anaerobic digestion. Waste Manag. 48, 389—
396. https://doi.org/10.1016/j.wasman.2015.11.045

Alvarez, J.A., Otero, L., Lema, J.M., Omil, F., 2010. The effect and fate of antibiotics during
the anaerobic digestion of pig manure. Bioresour. Technol. 101, 8581-8586.
https://doi.org/10.1016/j.biortech.2010.06.075

Alvarino, T., Nastold, P., Suarez, S., Omil, F., Corvini, P.F.X., Bouju, H., 2016a. Role of
biotransformation, sorption and mineralization of 14 C-labelled sulfamethoxazole under
different redox conditions. Sci. Total Environ. 542, 706-715.
https://doi.org/10.1016/j.scitotenv.2015.10.140

Alvarino, T., Suérez, S., Garrido, M., Lema, J.M., Omil, F., 2016b. A UASB reactor coupled
to a hybrid aerobic MBR as innovative plant configuration to enhance the removal of
organic micropollutants. Chemosphere 144, 452-458.
https://doi.org/10.1016/j.chemosphere.2015.09.016

Arikan, O.A., 2008. Degradation and metabolization of chlortetracycline during the anaerobic
digestion of manure from medicated calves. J. Hazard. Mater. 158, 485-490.
https://doi.org/10.1016/j.jhazmat.2008.01.096

Arikan, O.A., Sikora, L.J., Mulbry, W., Khan, S.U., Rice, C., Foster, G.D., 2006. The fate and
effect of oxytetracycline during the anaerobic digestion of manure from therapeutically
treated calves. Process Biochem. 41, 1637-1643.
https://doi.org/10.1016/j.procbio.2006.03.010

Aydin, S., Cetecioglu, Z., Arikan, O., Ince, B., Ozbayram, E.G., Ince, O., 2015. Inhibitory
effects of antibiotic combinations on syntrophic bacteria , homoacetogens and
methanogens. Chemosphere 120, 515-520.
https://doi.org/10.1016/j.chemosphere.2014.09.045

Barret, M., Carrere, H., Delgadillo, L., Patureau, D., 2010. PAH fate during the anaerobic
digestion of contaminated sludge : Do bioavailability and / or cometabolism limit their
biodegradation ? Water Res. 4, 1-10. https://doi.org/10.1016/j.watres.2010.04.031

Barret, M., Delgadillo, L., Trably, E., Delgenes, N., Braun, F., Gea, G., Steyer, J.P., Patureau,
D., 2012. Anaerobic Removal of Trace Organic Contaminants in Sewage Sludge: 15
Years of Experience. Pedosph. An Int. J. 22, 508-517. https://doi.org/10.1016/S1002-
0160(12)60035-6

Belden, J.B., Maul, J.D., Lydy, M.J., 2007. Partitioning and photodegradation of
ciprofloxacin in aqueous systems in the presence of organic matter. Chemosphere 66,
1390-1395. https://doi.org/10.1016/j.chemosphere.2006.09.032

Belloulid, M.O., Hamdi, H., Mandi, L., Ouazzani, N., 2016. Solar Greenhouse Drying of
Wastewater Sludges Under Arid Climate. Waste and Biomass Valorization 8, 193-202.
https://doi.org/10.1007/s12649-016-9614-1

Bernal-Martinez, A., Patureau, D., Delgenes, J., Carrere, H., 2009. Removal of polycyclic
aromatic hydrocarbons ( PAH ) during anaerobic digestion with recirculation of ozonated
digested sludge. J. Hazard. Mater. 162, 1145-1150.
https://doi.org/10.1016/j.jhazmat.2008.05.163

Carballa, M., Omil, F., Lema, J.M., Liompart, M., Garcia-Jares, C., Rodriguez, 1., Gomez, M.,

158



Ternes, T., 2004. Behavior of pharmaceuticals , cosmetics and hormones in a sewage
treatment plant. Water Res. 38, 2918-2926. https://doi.org/10.1016/j.watres.2004.03.029

Carballa, M., Omil, F., Ternes, T., Lema, J.M., 2007. Fate of pharmaceutical and personal
care products (PPCPs) during anaerobic digestion of sewage sludge. Water Res. 41,
2139-2150. https://doi.org/10.1016/j.watres.2007.02.012

Chelliapan, S., Wilby, T., Sallis, P.J., Yuzir, A., 2011. Tolerance of the antibiotic Tylosin on
treatment performance of an Up-flow Anaerobic Stage Reactor ( UASR ). Water Sci.
Technol. 63, 1599-1607. https://doi.org/10.2166/wst.2011.222

Costa, V.M.D., King, C.E., Kalan, L., Morar, M., Sung, W.W.L., Schwarz, C., Froese, D.,
Zazula, G., Calmels, F., Debruyne, R., Golding, G.B., Poinar, H.N., Wright, G.D., 2011.
Antibiotic resistance is ancient. Nature 477, 457-461.
https://doi.org/10.1038/nature 10388

Dolliver, H., Kumar, K., Gupta, S., 2007. Sulfamethazine Uptake by Plants from Manure-
Amended Soil. J. Environ. Qual 36, 1224—1230. https://doi.org/10.2134/jeq2006.0266

Ghattas, A., Fischer, F., Wick, A., Ternes, T.A., 2017. Anaerobic biodegradation of (
emerging ) organic contaminants in the aquatic environment. Water Res. 116, 268-295.
https://doi.org/10.1016/j.watres.2017.02.001

Gil, A., Siles, J.A., Marin, M.A., Chica, A.F., Estévez-Pastor, F.S., Toro-Baptista, E., 2017.
Effect of microwave pretreatment on semi-continuous anaerobic digestion of sewage
sludge. Renew. Energy 115, 917-925. https://doi.org/10.1016/j.renene.2017.07.112

Gobel, A., Mcardell, C.S., Joss, A., Siegrist, H., Giger, W., 2007. Fate of sulfonamides |,
macrolides , and trimethoprim in different wastewater treatment technologies. Sci. Total
Environ. 372, 361-371. https://doi.org/10.1016/].scitotenv.2006.07.039

Golet, E.M., Xifra, 1., Siegrist, H., Alder, A.C., Giger, W., 2003. Environmental Exposure
Assessment of Fluoroquinolone Antibacterial Agents from Sewage to Soil. Environ. Sci.
Technol. 37, 3243-3249. https://doi.org/DOI: 10.1021/es0264448

Gonzalez-Gil, L., Mauricio-Iglesias, M., Serrano, D., Lema, J.M., Carballa, M., 2018. Role of
methanogenesis on the biotransformation of organic micropollutants during anaerobic
digestion. Sci. Total Environ. 622-623, 459-466.
https://doi.org/10.1016/j.scitotenv.2017.12.004

Gonzalez-Gil, L., Papa, M., Feretti, D., Ceretti, E., Mazzoleni, G., Steimberg, N., Pedrazzani,
R., Bertanza, G., Lema, J.M., Carballa, M., 2016. Is anaerobic digestion effective for the
removal of organic micropollutants and biological activities from sewage sludge ? Water
Res. 102, 211-220. https://doi.org/10.1016/j.watres.2016.06.025

Hamscher, G., Sczesny, S., Hoper, H., Nau, H., 2002. Determination of persistent tetracycline
residues in soil fertilized with liquid manure by high-performance liquid chromatography
with electrospray ionization tandem mass spectrometry. Anal. Chem. 74, 2006.
https://doi.org/DOI: 10.1021/ac015588m

Hirsch, R., Ternes, T., Haberer, K., Kratz, K., 1999. Occurrence of antibiotics in the aquatic
environment. Sci. Total Environ. 225, 109-118.
https://doi.org/https://doi.org/10.1016/S0048-9697(98)00337-4

159



Jeong, J., Song, W., Cooper, W.J., Jung, J., Greaves, J., 2010. Degradation of tetracycline
antibiotics: Mechanisms and kinetic studies for advanced oxidation/reduction processes.
Chemosphere 78, 533—-540. https://doi.org/10.1016/j.chemosphere.2009.11.024

Kumar, K., Gupta, S.C., Baidoo, S.K., Chander, Y., Rosen, C.J., 2005. Antibiotic Uptake by
Plants from Soil Fertilized with Animal Manure. J. Environ. Qual 2085, 2082—2085.
https://doi.org/10.2134/jeq2005.0026

Li, B, Yang, Y., Ma, L., Ju, F., Guo, F., Tiedje, J.M., Zhang, T., 2015. Metagenomic and
network analysis reveal wide distribution and co-occurrence of environmental antibiotic
resistance genes. ISME J. 1-13. https://doi.org/10.1038/ismej.2015.59

Li, N., Liu, H., Xue, Y., Wang, H., Dai, X., 2017. Partition and fate analysis of
fluoroquinolones in sewage sludge during anaerobic digestion with thermal hydrolysis
pretreatment. Sci. Total Environ. 581-582, 715-721.
https://doi.org/10.1016/j.scitotenv.2016.12.188

Li, W., Shi, Y., Gao, L., Liu, J., Cai, Y., 2013. Occurrence, distribution and potential affecting
factors of antibiotics in sewage sludge of wastewater treatment plants in China. Sci.
Total Environ. 445446, 306—313. https://doi.org/10.1016/j.scitotenv.2012.12.050

Luque-Munoz, A., Vilchez, J.L., Zafra-Gémez, A., 2017. Multiclass method for the
determination of pharmaceuticals and personal care products in compost from sewage
sludge using ultrasound and salt-assisted liquid — liquid extraction followed by ultrahigh

performance liquid chromatography-tandem mass spectrome. J. Chromatogr. A 1507,
72-83. https://doi.org/10.1016/j.chroma.2017.05.051

Malmborg, J., Magnér, J., 2015. Pharmaceutical residues in sewage sludge: Effect of
sanitization and anaerobic digestion. J. Environ. Manage. 153, 1-10.
https://doi.org/10.1016/j.jenvman.2015.01.041

Mao, D., Yu, S., Rysz, M., Luo, Y., Yang, F., Li, F., Hou, J., Mu, Q., Alvarez, P.J.J., 2015.
Prevalence and proliferation of antibiotic resistance genes in two municipal wastewater
treatment plants. Water Res. 85, 458-466.
https://doi.org/https://doi.org/10.1016/j.watres.2015.09.010

Martin, J., Santos, J.L., Aparicio, 1., Alonso, E., 2014. Pharmaceutically active compounds in
sludge stabilization treatments: Anaerobic and aerobic digestion , wastewater
stabilization ponds and composting. Sci. Total Environ. 503-504, 97-104.
https://doi.org/10.1016/j.scitotenv.2014.05.089

Michael, 1., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., Dagot, C.,
Fatta-Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the release
of antibiotics in the environment: A review. Water Res. 47, 957-995.
https://doi.org/10.1016/j.watres.2012.11.027

Mitchell, S.M., Ullman, J.L., Teel, A.L., Watts, R.J., Frear, C., 2013. Bioresource Technology
The effects of the antibiotics ampicillin , florfenicol , sulfamethazine , and tylosin on
biogas production and their degradation efficiency during anaerobic digestion. Bioresour.
Technol. 149, 244-252. https://doi.org/10.1016/j.biortech.2013.09.048

Narumiya, M., Nakada, N., Yamashita, N., Tanaka, H., 2013. Phase distribution and removal
of pharmaceuticals and personal care products during anaerobic sludge digestion. J.

160



Hazard. Mater. 260, 305-312. https://doi.org/10.1016/j.jhazmat.2013.05.032

Otker, H.M., Balcioglu, I.A., 2005. Adsorption and degradation of enrofloxacin , a veterinary
antibiotic on  natural zeolite. J. Hazard. Mater. 122, 251-258.
https://doi.org/10.1016/j.jhazmat.2005.03.005

Pino-Otin, M.R., Muiiz, S., Val, J., Navarro, E., 2017. Environment Effects of 18
pharmaceuticals on the physiological diversity of edaphic microorganisms. Sci. Total
Environ. 595, 441-450. https://doi.org/10.1016/j.scitotenv.2017.04.002

Polesel, F., Andersen, H.R., Trapp, S., Plosz, B.G., 2016. Removal of Antibiotics in
Biological Wastewater Treatment Systems - A Critical Assessment Using the Activated
Sludge Modeling Framework for Xenobiotics (ASM-X). Environ. Sci. Technol. 50,
10316-10334. https://doi.org/10.1021/acs.est.6b01899

Polesel, F., Lehnberg, K., Dott, W., Trapp, S., Thomas, K. V, Plosz, B.G., 2015. Factors
influencing sorption of ciprofloxacin onto activated sludge: Experimental assessment
and modelling implications. Chemosphere 119, 105-111.
https://doi.org/10.1016/j.chemosphere.2014.05.048

Prosser, R.S., Sibley, P.K., 2015. Human health risk assessment of pharmaceuticals and
personal care products in plant tissue due to biosolids and manure amendments, and
wastewater irrigation. Environ. Int. 75, 223-233,
https://doi.org/10.1016/j.envint.2014.11.020

Radjenovic, J., Petrovic, M., Barcelo, D., 2009. Fate and distribution of pharmaceuticals in
wastewater and sewage sludge of the conventional activated sludge ( CAS ) and
advanced membrane bioreactor ( MBR ) treatment. Water Res. 43, 831-841.
https://doi.org/10.1016/j.watres.2008.11.043

Rico, A., Oliveira, R., Mcdonough, S., Matser, A., Khatikarn, J., Satapornvanit, K., Nogueira,
A.J.A., Soares, A M.V.M., Domingues, 1., Brink, P.J. Van Den, 2014. Use , fate and
ecological risks of antibiotics applied in tilapia cage farming in Thailand. Environ.
Pollut. 191, 8-16. https://doi.org/10.1016/j.envpol.2014.04.002

Semblante, G.U., Hai, F.I., Huang, X., Ball, A.S., Price, W.E., Nghiem, L.D., 2015.
Hazardous trace organic contaminants in biosolids: Impact of conventional wastewater
and sludge processing technologies and emerging alternatives. J. Hazard. Mater. 300, 1—
17. https://doi.org/10.1016/j.jhazmat.2015.06.037

Spielmeyer, A., Stahl, F., S. Petri, M., Zerr, W., Brunn, H., Hamscher, G., 2017.
Transformation of Sulfonamides and Tetracyclines during Anaerobic Fermentation of
Liquid Manure. Waste Manag. 168, 160—-168. https://doi.org/10.2134/jeq2016.04.0152

Stasinakis, A.S., 2012. Review on the fate of emerging contaminants during sludge anaerobic
digestion. Bioresour. Technol. 121, 432-440.
https://doi.org/10.1016/j.biortech.2012.06.074

Stone, J.J., Clay, S.A., Zhu, Z., Wong, K.L., Porath, L.R., Spellman, G.M., 2009. Effect of
antimicrobial compounds tylosin and chlortetracycline during batch anaerobic swine
manure digestion. Water Res. 43, 4740-4750.
https://doi.org/10.1016/j.watres.2009.08.005

Torrijos, M., Sousbie, P., Rouez, M., Lemunier, M., Lessard, Y., Galtier, L., Simao, A.,

161



Steyer, J.P., 2014. Treatment of the biodegradable fraction of used disposable diapers by
co-digestion with waste activated sludge. Waste Manag. 34, 669-675.
https://doi.org/10.1016/j.wasman.2013.11.009

Verlicchi, P., Zambello, E., 2015. Pharmaceuticals and personal care products in untreated
and treated sewage sludge : Occurrence and environmental risk in the case of application
on soil — A critical review. Sci. Total Environ. 538, 750-767.
https://doi.org/10.1016/j.scitotenv.2015.08.108

Xu, J., Xu, Y., Wang, H., Guo, C., Qiu, H., He, Y., Zhang, Y., Li, X., Meng, W., 2015.
Occurrence of antibiotics and antibiotic resistance genes in a sewage treatment plant and
its effluent-receiving river. Chemosphere 119, 1379-1385.
https://doi.org/10.1016/j.chemosphere.2014.02.040

Xu, W., Zhang, G., Li, X., Zou, S., Li, P., Hu, Z., Li, J., 2007. Occurrence and elimination of
antibiotics at four sewage treatment plants in the Pearl River Delta (PRD), South China.
Water Res. 41, 4526-4534. https://doi.org/10.1016/j.watres.2007.06.023

Youngquist, C.P., Mitchell, S.M., Cogger, C.G., 2016. Fate of Antibiotics and Antibiotic
Resistance during Digestion and Composting: A Review. J. Environ. Qual. 45, 537.
https://doi.org/10.2134/jeq2015.05.0256

Zhang, Q., Ying, G., Pan, C., Liu, Y., Zhao, J., 2015. A comprehensive evaluation of
antibiotics emission and fate in the river basins of China: Source analysis , multimedia
modelling , and linkage to bacterial resistance. Environ. Sci. Technol. 49, 6772—-6782.
https://doi.org/DOI: 10.1021/acs.est.5b00729

Zhou, J.L., Zhang, Z.L., Banks, E., Grover, D., Jiang, J.Q., 2009. Pharmaceutical residues in
wastewater treatment works effluents and their impact on receiving river water. J.
Hazard. Mater. 166, 655-661. https://doi.org/10.1016/j.jhazmat.2008.11.070

162



Discussion générale, Conclusions et
Perspectives

163



1. Effets des antibiotiques sur les procédés de compostage et de méthanisation

Le compostage et la méthanisation sont parmi les procédés les plus utilisés pour le traitement
des boues d’épuration en vue de leurs valorisations. Ces procédés sont aussi trés étudiés en
raison de leurs capacités a réduire les teneurs en contaminants dont les antibiotiques (Arikan
et al., 2007 ; Carballa et al., 2007 ; Bao et al., 2009 ; Gonzalez-Gil et al., 2016). Toutefois, la
présence des antibiotiques a des concentrations élevées peut engendrer des effets notables sur

les performances épuratoires de chaque procédé.

Dans ce travail, une boue primaire de Marrakech a été dopée avec 3 familles d’antibiotiques
(macrolides (ROX), tétracyclines (CTC et OTC), fluoroquinolones (ENR et CIP)) a 3 doses
différentes (faible, moyenne, élevée) pour conduire des essais de compostage durant 180
jours. Un essai témoin a été lancé dans les mémes conditions (Chapitre 2, Tableau 3). Les
familles d’antibiotiques ont été retenues en raison de leur utilisation importante et de leur
présence dans les boues (Martin et al., 2014 ; Verlicchi et al., 2015). Les résultats des essais
de compostage ont montrés que 1’augmentation des concentrations en antibiotiques retarde la
dégradation de la matiere organique et affecte le ratio C/N. De méme, la phase thermophile
est retardée et réduite dans le temps. Les doses moyennes et élevées écrasent le plateau des
températures et réduisent la chaleur libérée durant toute la phase de stabilisation comme déja
observé par Eguchi et al. (2012). La présence des antibiotiques a des concentrations élevées
engendre des effets négatifs sur la croissance et la diversité bactérienne, ainsi que sur les
activités enzymatiques associés a ces germes (Ding and He, 2010; Kotzerke et al, 2008; Sukul
and Spiteller, 2006; Eguchi et al, 2012). Les bactéries étant principalement responsables de la
montée en température durant la premiere partie de la phase de stabilisation, toute
perturbation de la croissance ou de Dactivité bactérienne engendrera des perturbations
thermiques. De méme, I’inhibition de la minéralisation de 1’azote et la faible décomposition
de carbone organique durant cette phase de stabilisation (Wong et al, 2010), conduisent a des
modifications du profil C/N. Les modifications de ce ratio étant les plus élevées aux plus
fortes concentrations d’antibiotiques. L’effet des antibiotiques se traduit aussi par la
disparition du rebond en température observé dans I’essai témoin. Ce rebond est une
caractéristique du palmier dattier (Alkoaik et al., 2011) lié au développement des
champignons et des actynomycetes responsables de la dégradation des résidus apres la phase
thermophile, au début de la phase de maturation. Ce rebond n’est plus observé dans les essais
de compostage en présence d’antibiotiques. Les rachis de palmier dattier sont parmi les

substrats utilisés durant les essais de compostage. Un suivi de 1’évolution du poids des rachis
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par rapport au taux de cendres a été réalisé pour chaque essai de compostage. Il s’est avéré
que ce ratio était impacté en fonction de la dose d’antibiotique. Durant la phase de
stabilisation, 1’érosion mécanique des rachis se fait presque de la méme fagon, qu’elle que
soient les concentrations en antibiotiques. Nous avions émis 1’hypothése que certaines
molécules pouvaient s’adsorber sur les rachis dés le début de la phase de stabilisation. Cette
adsorption pouvant limiter leur accessibilité. Au cours de la maturation, I’érosion biologique
du substrat lignocellulosique par les champignons et les actinomycetes est fortement inhibée
pour les fortes doses d’antibiotiques. Ce qui se traduit par une conservation de la taille des
rachis. Dans nos conditions expérimentales, le suivi de 1’évolution des rachis de palmier peut

servir d’outil simple de contrdle de maturation des composts.

Un essai de méthanisation mésophile en mode semi-continu a été conduit pendant 80 jours. La
concentration de dopage testée (2.5 pg/g DM pour la somme des différentes molécules) est
plus faible que celles utilisées pour le compostage, mais reste réaliste (Narumiya et al, 2013;
Martin et al, 2014; Verlicchi and Zambello, 2015). Les résultats observés en termes de
production du biogaz, d’abattement de maticre s€che ou volatile, ainsi que d’abattement de la
demande chimique d’oxygeéne ne sont pas affectés et correspondent généralement aux
conditions standards de déroulement de la méthanisation (Carballa et al, 2007 ; Gonzalez-Gil
et al., 2018, 2016). Autrement dit, la présence des antibiotiques aux concentrations utilisées
n’a pas d’effet sur la digestion anaérobie d’une facon générale ainsi que sur la phase de

stabilisation.

Les conditions de déroulement de la méthanisation restent standards et non pas critiques
comme celles du compostage. A la lumiere des résultats bibliographiques, il a ét€ montré que
les antibiotiques a partir de 0.25 mg/L peuvent affecter la production du biogaz (20% de
réduction) et 1’abattement de la matiére organique, au cours de la méthanisation (Shi et al,
2011) ce qui limite fortement les performances de méthanisation. Les concentrations utilisées
lors de nos essais de compostage dépassent celles utilisées en méthanisation de 1.4 a 4 fois
(selon la molécule d’antibiotiques) pour la dose faible ou les effets observés sur le processus
ne sont pas significatifs. En revanche, les effets des antibiotiques deviennent significatifs a
partir des doses moyennes et élevées ou les concentrations d’antibiotiques dépassent celles
utilisées pour la méthanisation de 4 a 20 et 20 a 100 fois respectivements. Des
expérimentations devraient étre conduites en méthanisation avec des doses plus élevées
d’antibiotiques de manicre a chercher les conditions limites de notre mélange et étudier leurs

effets sur ’ensemble des paramétres.
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2. Devenir des antibiotiques au cours du compostage et de la méthanisation
Pour mieux comprendre le comportement de chaque bioprocédé vis-a-vis de la présence de
plusieurs familles d’antibiotiques a différentes concentrations, ainsi que le devenir de ces
molécules durant les différentes phases de ces procédés, une mise au point analytique a dii
étre développée. La méthodologie retenue repose sur une extraction accélérée par solvant
(ASE), suivie de la mise en place d’ajouts dosés. Les antibiotiques sont ensuite séparés et
quantifiés par chromatographie liquide couplée a de la spectrométrie de masse en tandem

(LC-MS/MS).

La figure [ présente les taux d’élimination des antibiotiques aprés compostage ou
méthanisation. Quel que soit le procédé¢ utilisé, les résultats montrent que ’OTC est €éliminé a
100%, et souligne ’efficacité de ces deux bioprocédés vis-a-vis de 1’élimination de cette
molécule. Ces résultats sont en accord avec ceux de la littérature qui témoignent de la
biodégradabilité de I’OTC (Arikan et al., 2007 ; Arikan et al., 2008 ; Bao et al., 2009 ; Stone
et al., 2009 ; Hu et al., 2011 ; Wu et al., 2011). Concernant La ROX et la CTC, le compostage
semble plus efficace que la méthanisation. Ces résultats sont en accord avec un certain
nombre de travaux de la littérature (Arikan et al., 2007 ; Selvam et al., 2012 ; Zhang et al.,
2014). En effet, les résultats de compostage montrent que les teneurs en ROX et CTC ont été
réduites significativement de 52 a 87% et 69 a 95% respectivement, méme pour les plus fortes
concentrations (conditions L3 et L4). Pour la méthanisation, la ROX et la CTC ne sont
éliminés que de 50 et 59% respectivement. Il est important de souligner que concernant la
ROX, des abattements de 60 a 94% apres méthanisation en mode semi-continu ont été décrit
(Carballa et al., 2007 ; Narumiya et al., 2013 ; Gonzalez-Gil et al., 2016). Ces résultats
suggerent que les conditions expérimentales peuvent influencer I’élimination des antibiotiques

(Arikan et al., 2007).

166



100 ‘ R
* \
* % v..,Y..,Y!\
T )
i
ettt
80 * \ ]
S ] [t
i wk TR
~ dpketyd ehtEh
ety T Bttt
g Eie it
=) ety ey *
S 60 4 [ + e *
< T * EEH
T * ]
£ Ei _— [t * %
Fosd] +* Foreed] ety
Fanitd] kb peiasd]
Pt P o s
o Sty L kgl bttt
vsy ety Syl Sttt
W40 - &* ety ety
- el Feiaia) Pl
= bl +» padhasd] ek
Fahatd] Fortasd) Peiasd] e
x Pt P ch e
Tyt heed hpd by
2 SN e e =
=] Py B I { —-
Raaatael e
i i) & phsiatd] & I ) )
20 4 s i) Pl oy
i) +* Potheia] +* Peiaid) oy
e i TR .
etk heidae ! 4
ety * Syl * ! ] -
fretai] R, i 1 oy
b +» hie] +» & =
e i ‘ e
(0 -k | S 1 | | Wl | |
P ..
Compostage Meéthanisation
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Enfin, nos travaux nous ont permis d’observer que les fluoroquinolones qui sont des
molécules persistantes dans les boues ne sont pas éliminés, quels que soient les procédés et les
conditions utilisées. De nombreux auteurs suggerent la difficulté d’élimination de ces
molécules (Lillenberg et al., 2010 ; Selvam et al., 2012 ; Haiba et al., 2013 ; Narumiya et al.,
2013 ; Martin et al.,, 2014), et D’attribuent a leurs fortes sorption par des interaction
électrostatiques sur les particules de matiere organique qui sont chargées négativement (Golet

et al., 2003 ; Belden et al., 2007).

Dans ce travail de these, le suivi des antibiotiques au cours du compostage et de la
méthanisation a permis de mettre en évidence la contribution des phases de chaque
bioprocédé vis-a-vis de 1’abattement des antibiotiques. La contribution des deux grandes
phases de compostage (stabilisation et maturation) varie selon la famille étudiée. La phase
thermophile semble fortement impliquée dans 1’élimination de la ROX. Le role important de
cette phase et déja été décrit par Arikan et al., (2008) qui montre qu’un certain nombre de
molécules (chlorotétracycline) sont éliminées durant cette phase. Par ailleurs, la phase de
maturation semble plus impliquée dans I’élimination de la CTC et de ’OTC comme déja
observé par Selvam et al., (2013). Ce qui permet de souligner le role potentiel des especes
fongiques et des actinobacteria dans 1’élimination de ces deux composés. Le suivi des

antibiotiques apres la phase de stabilisation du procédé de méthanisation montre I’efficacité
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de cette phase vis-a-vis de 1’¢limination de ROX, CTC et OTC. Carballa et al. (2007) ont
montré que c’est durant la phase de stabilisation que débute 1’abattement de produits

pharmaceutiques dont les antibiotiques.

Les rachis de palmier dattier sont parmi les substrats utilisés durant les essais de compostage.
Les antibiotiques peuvent s’adsorber sur les substrats de compostage (Kim et al., 2012).
Cependant, nous avions €émis précédemment I’hypothése que certaines molécules pouvaient
s’adsorber sur les rachis dés le début de la phase de stabilisation. Aprés le dosage des
antibiotiques, la CIP a montré une fluctuation de concentrations au cours du compostage.
Etant donné qu’elle n’est pas eliminée, I’adsorption/désorption de la CIP sur les rachis
pourrait expliquer le comportement de cette molécule. Les fluoroquinolones sont des
antibiotiques qui inhibent la réplication de ’ADN en agissant sur les gyrases bactériennes
(Hooper and Jacoby, 2016). En s’adsorbant sur les rachis, ces molécules peuvent limiter leur
dégradation et ainsi permettre la conservation de leur taille, méme au cours de la phase de
maturation (Ezzariai et al., 2017). La présence de ces molécules aux forts pouvoirs
d’adsorption expliquerait donc en partie la conservation des rachis. L’¢élimination de cette
famille d’antibiotique, si elle est possible par voie biologique, demande encore beaucoup

d’études d’optimisation.

3. Optimisation du compostage et de méthanisation pour mieux réduire les teneurs
d’antibiotiques

Comme nous venons de le voir, le compostage et la méthanisation permettent de réduire les
teneurs d’antibiotiques présents avec différents taux d’élimination. La complémentarité entre
ces deux procédés est une alternative pour optimiser I’élimination des micropolluants
(Semblante et al., 2014 ; Alvarino et al., 2016) et elle pourrait étre une option afin d’une part,
valoriser les boues pour de la production d’énergie et d’autre part, grice au compostage,
stabiliser et hygiéniser ces méme boues et en faire des amendements de meilleure qualité.
Cette combinaison de procédés permettrait aussi d’augmenter les abattements d’antibiotiques
notamment la famille des fluoroquinolones.

Dans ce sens, un couplage anaérobie-aérobie a €té conduit en utilisant le digestat issu de la
méthanisation pour le composter a 1’aide d’un mini composteur (figure 2) avec les mé€mes
proportions de déchets verts que pour le compostage de boue (résultats non présenté dans la

theése). Les échantillons générés ont été stockés pour suivre le devenir des antibiotiques.
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Figure 2: Stabilisation du digestat dans un mini-composteur (A) suivi de la maturation en dessiccateur

(B)

Afin d’optimiser les conditions expérimentales au cours des procédés de traitement de boues
en présence d’antibiotiques, un protocole de fractionnement de la matiére organique (Jimenez
et al., 2015) a été appliqué aux échantillons de compost et digestat. Le fractionnement de la
maticre organique particulaire consiste a diviser la matiere organique en plusieurs
compartiments de moins en moins accessibles par 1’utilisation de solutions de plus en plus
agressives (Tableau 1). L’accessibilité chimique est réalisée par des mesures de la DCO et la

complexité de la matiere organique par des mesures de fluorescence 3D.

Cette approche sert a 1’évaluation de chaque compartiment. Le suivi de la localisation des
antibiotiques dans les compartiments matiere est un point fort du protocole qui permet a la
fois d’avoir une idée sur I’affinité des antibiotiques pour un compartiment donné et par la
suite optimiser les conditions expérimentales pour rendre la molécule plus accessible en vue

d’une meilleure élimination.
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Tableau 1: Les compartiments et les conditions de fractionnement de la matiére organique

Compartiment Nombre Solution Temps
d’extraction d’extraction d’extraction
SPOM Matiere organique CaCl2 10 mM 1h
particulaire soluble 2
REOM Matiere organique NaCl 10mM 15 min
facilement extractible 4 NaOH 10 mM
SEOM  Matiere organique lenetemnt NaOH 0.1 M 1h
extractible 4 Sous atmosphere
N2
PEOM Matiere H2S02 72% 3h
organiquedifficilement 2
extractible
NEOM Matitere organgiue non Solide restant
extractible / /

Les résultats préliminaires sont encourageants et permettent de suivre 1’accessibilité a la
matiere organique en fonction des doses d’antibiotiques (figure 3.a), ainsi que 1’affinité de
chaque molécule d’antibiotique aux fractions de la mati¢re organique (figure 3.b). Le suivi de
I’accessibilité chimique montre que la phase de maturation est retardée a la dose moyenne. De
plus, la localisation des antibiotiques dans les compartiments matiére montre 1’affinité de
I’OTC, ENR et CIP pour les pH basiques, la ROX, ’OTC et CTC pour les pH neutres et
I’OTC pour les pH acides.

Le bilan matiere pour les antibiotiques dans ces compartiments, montre que la somme des
concentrations est inférieure a la dose de contamination. Les conditions d’extraction utilisées
lors du fractionnement peuvent donner lieu a une modification des molécules et plusieurs
formes, qui ne sont pas prises en compte, peuvent apparaitre selon le pH de la solution
d’extraction (figure 4), rendant leur analyse et quantification extrémement difficile. De ces
résultats nous pouvons dire que la mise en point d’un protocole analytique spécifique a

chaque fraction est nécessaire.
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L’optimisation des bioprocédés est aussi conditionnée par la fiabilité instrumentale et
I’efficacit¢ de 1’approche analytique utilisée. Pendant le développement de la méthode
analytique et ainsi son application, nous avons pu observer dans certaines conditions des taux
de recouvrement qui ne dépassaient pas 50%. Des explications ont ét¢ données dans le
chapitre 3 en faisant le lien entre les conditions d’extraction, le comportement de chaque
molécule et les taux de recouvrement observés. Pour encore mieux comprendre le
comportement de ces molécules et ainsi améliorer leur analyse, des extraits de compost ont
été analysés par Orbitrap (voir conditions analytiques en annexes). Les résultats ont montré
que les tétracyclines sont caractérisées par des chromatogrammes d’ions avec 3 pics de
surface pour la CTC (figure 5.A) et 2 pics pour ’OTC (figure 5.B). 11 s’agit d’une
caractéristique de ces deux molécules qui dépendent de la matrice étudiée et des conditions
d’extraction (température, pression, pH). Cependant, le choix d’une transition d’acquisition en
LC/MS-MS qui tienne compte de tous les pics de surface est important pour ne pas avoir des
pertes de signal. Par ailleurs, la masse moléculaire élevée de la ROX peut entrainer plusieurs
sites d’ionisation quelque soit le mode d’ionisation choisi. Avec 1’Orbitrap, nous avons
observé que la molécule pouvait se protoner deux fois (figure 5.C). Les approches analytiques
basées sur un étalonnage externe réalis€ dans le méme solvant doivent vérifier cette
caractéristique pour avoir un dosage exact. Par ailleurs, le choix de I’ion parent en LC/MS-

MS doit prendre en compte cette caractéristique pour obtenir la meilleure sensibilité.

Grace a I’approche des ajouts dosés que nous avons utilisés, le probleme d’exactitude évoqueé
plus haut est corrigé, puisque les antibiotiques étalons sont ajoutés dans la matrice avant
I’injection et vont subir le méme état d’ionisation. Cependant, les pertes de rendements
obtenus pour cette molécule sont liés a une dégradation thermique (Gobel et al., 2005 ;
Connor and Aga, 2007 ; Mullen et al., 2017). Pour les fluoroquinolones, plusieurs travaux de
la littérature ont signalé les difficultés analytiques liées a cette famille d’antibiotique et plus
particulierement a la CIP (De Witte et al., 2007 ; Polesel et al., 2015). En revanche, plusieurs
explications ont ét¢ données pour expliquer les résultats trouvés (chapitre 3). Malgré cela,
nous avons envisagé d’étudier la précision et la sélectivité analytique pour quantifier les

teneurs des fluoroquinolones a base des ajouts dosés.
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Figure 5: Chromatogrammes obtenus par Orbitrap (LC-HRMS) pour la chlortétracycline (A), I’oxytétracyclines (B) et la roxithromycine (C) dans un extrait de

compost
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4. Quelques éléments critiques limitant la valorisation du compost et du digestat

Les résultats de cette thése montrent qu’aprés compostage ou méthanisation des boues, les
molécules parents d’antibiotiques ont ét¢ abattues avec des taux d’¢élimination variables pour
I’ensemble des antibiotiques analysés. Les fluoroquinolones sont les molécules les plus
récalcitrantes par rapport aux autres familles. Ainsi, des taux d’¢limination importants ont été
observés pour les tetracyclines et les macrolides. Malgré cela, leur élimination ne reflete pas
une minéralisation totale. La biotransformation et la sorption sont d’autres voies qui peuvent
expliquer la diminution des teneurs d’antibiotiques. Des ¢études ont montrés que la
biotransformation est la voie principale qui peut expliquer la disparition des molécules parents
d’antibiotiques au cours du compostage et de la méthanisation (Arikan et al., 2007 ; Alvarino
et al., 2016 ; Gonzalez-Gil et al., 2018). Cependant, des métabolites (4-epi-chlorotétracycline,
1so-chlorotétracycline) encore plus toxiques que les molécules parents (chlorotétracycline) ont
été quantifiés dans des composts et des digestats (Arikan et al., 2007 ; Mitchell et al., 2013 ;
Spielmeyer et al., 2017). Il serait donc tres interressant dans le cadre d’un approfondissement
de cette étude, d’analyser les métabolites résiduels en fin de procédé pour 1’ensemble des

molécules testés dans nos conditions expérimentales.

La dissémination des antibiotiques, surtout des formes les plus récalcitrantes a la dégradation,
et leurs métabolites ont certainement des impacts sur les communautés microbiennes en terme
de biodiversité et d’antibiorésistance (Chen et al., 2007), ce dernier point interpelle sur le
risque pour I’homme, face a la recrudescence des bactéries pathogenes multi-résistantes
observés par ’OMS au niveau mondial (WHO, 2016). Plusieurs études ont montré que les
boues contiennent des teneurs variables de genes de résistance mais aussi des bactéries
résistantes aux antibiotiques (Guillaume et al., 2000 ; Munir et al., 2010). Cependant,
I’application directe des boues est non seulement une source de dissémination des
antibiotiques et de leurs métabolites, mais aussi une voie d’émergence aussi bien des genes de
résistance que des bactéries résistantes. Aujourd’hui, le développement de la résistance
bactérienne aux antibiotiques représente une grave menace pour la santé mondiale et la
sécurité des aliments. Il a été estimé que la résistance bactérienne est responsable de 25 000 a
23 000 morts par an en Europe et aux Etats unies respectivement (Berglund, 2015). Ce
probléme de résistance est aussi compliqué pour les chercheurs en médecine puisqu’on ne
trouve plus actuellement de traitements appropriés a certains pathogenes multirésistants
comme Staphyloccocus aureus, Pseudomonas aeruginosa, ou encore Mycobacterium

tuberculosis (Borjesson et al., 2009 ; Kaszab et al., 2010). Ainsi, la résistance aux
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antibiotiques entraine une prolongation des hospitalisations et une augmentation des dépenses
médicales. Les infections par les bactéries résistantes aux antibiotiques engendrent des

dépenses estimées a 1.5 billion de dollars par an pour I’Union Européenne (Wright, 2011).

5. Conclusion
En conclusion, ce travail de these a permis de mettre en évidence :
e Le compostage a des capacités épuratoires importantes, par rapport a la méthanisation,
méme a des concentrations ¢élevées d’antibiotiques, qui en font un procédé robuste ;
e Les conditions analytiques utilisées nécessitent encore de 1’optimisation ;
e [L’utilisation du compost/digestat de boues urbaines doit étre réglementée vis-a-vis la

présence des antibiotiques et plus particulierement les fluoroquinolones.

Les résultats de cette thése ont contribués au dépdt et ’acceptation d’un projet de recherche
en continuité avec ce travail, le projet "MAD Sludge’’ pour lequel j’ai obtenu un stage post
doctoral. Il s’agit d’un projet de 1’Agence Francaise Nationale de Sécurité Sanitaire de
I'Alimentation, de 1'Environnement et du Travail (ANSES), financé par I’ Agence Francaise de
I'environnement et de la maitrise de l'énergie (ADEME), et impliquant toutes les équipes
ayant contribué a la réalisation de ce travail de these. Le projet MAD Sludge consiste en
I’optimisation de la filiecre de traitement des boues pour limiter la dissémination
d’antibiotiques/antibiorésistances. Ce projet vise a évaluer la dynamique de 1’antibiorésistance
(genes, intégrons, bactéries) le long des filieres de traitement menant au retour au sol des

boues d’épuration.
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Annexe 1 :
Conditions analytiques par Orbitrap

Les séparations chromatographiques ont été réalisées sur une chaine HPLC U3000 (Thermo
Fisher), constituée d’une pompe DGP-3600SD, d’un injecteur automatique thermostat¢ WPS-
3000TSL, d’une enceinte thermostatée TCC-3000SD et d’un détecteur UV-Visible RSLC
VWD-3400RS.

Les séparations ont été effectuées a 40°C sur une colonne Luna PFP 2 (150 x 2,00mm, 3um)
obtenue aupres de la société Phenomenex.

La phase mobile, délivrée a 200ul/min, consiste en un mélange d’eau (0,1% V/V d’acide
formique) (¢luant A) et d’acétonitrile (¢luant B) selon le gradient suivant :

0-5 min, 3% de B ; 5-25 min, 3-95% de B ; 25-30 min, 95% de B ; 30-31 min, 95-3% de B ;
31-37 min, 3% de B.

La détection des composés est réalisée a une longueur d’onde de 254 nm.

Les analyses MS ont été réalisées en mode positif et négatif sur un spectrometre de masse de
type Exactive provenant de la société Thermo Fisher. Ce spectrometre comprend une source
électrospray (ESI), une cellule de collision HCD et un analyseur Orbitrap a transformée de
Fourier.

Les parametres principaux les plus courants étaient :

- Tension du cone : 3,00 KV (mode positif) ; - 3,00 KV (mode négatif)
- Température du capillaire d’entrée : 350°C
- Débit du gaz principal de désolvatation : 50 (unités arbitraires)
- Débit du gaz auxiliaire de désolvatation : 20 (unités arbitraires)
- Gamme de masses : 50 a 1000m/z
- Résolution : 100 000 (a 1a masse m/z 200)
- Fréquence d’acquisition : 1 Hz
- Temps de remplissage maximum de la trappe : 100 ms
- Nombre maximum d’ions dans la trappe : 3.10° ions
Les spectres de masses ont été acquis et traités (prédiction des formules brutes) a 1’aide du

logiciel Xcalibur (version 2.0, Thermo Fisher) et du logiciel MetAlign (version 041011, Arjen
Lommen) pour I’élimination du bruit et I’extraction des ions.
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300,060 Vysar i 2024, In general, dee shidpe that comes froam
wasirwaies trestnenl fysiems & laown for is poential fenil
zing charsclerstics (Hartemsien | 9813 El Fels e al. 24
Roches et al. 2016, However, thudge presens evident contents
ofa large gty of emere vinees, pathognic bacers, and
helminth egis of uman or sndival ofgin in several 1axa We
distinguish Plapshelminthes (larwonns) a8 Sohidmoma .
and Nematul miithes (romdwonns) a8 A sy pp., Trichuri
s, Capdliri spp., Aeokwerm spp., and Toecara .
Twrera canix, commonly known a3 dog roumdwonn, can
alfert laomans snd caise human xocarsss {(Kelfala e sl
2012y, Hookworm egps cardng humen hoolworm occor n
the godd of infected person; nfection i hrough skin pendims-
tion by infactive larvae. Sohivfonoms spp. is a parasile respaomn-
sihle fir schisiosomiashs, Schivisoms eggs releassd inlo the
exiemal environment theough feces or wrine of infected peo-
e Further mone, Sohidowmma can be servad inoher mam-
mals &5 mice and wisar rars (Sene 1904 Wang et al 2006).
Trenia pp. 15 2 tpeworm of he class of Cestnds, regpomible
For Toeniasis disesse: the vl hies for this jerasie ane cattle
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aml swing, fron which hemens become infiected with the
adull tapewomm (Parkhouse and Harrison 20140 Ascaris
ap & the most canmon miedinl parasites o the warld: it
is responsible for the human Ascariasis The natural habimis
of adalt lervae k& the small inestine {Sephenson 20049, the
infected individiuals excrete up © 200, M6 egos per day
{Bethony of al 26, Karkashan ot ol 20051 Copillara iz
reaponsible of Caplllariasis disesse, and Frichuris richaira
ergs ane respondible of Trclorasis deesse, which 13 among
the comumon awran parasitic infaction (Pullan et al, 2004

Amabmid ot al (2002 ) annbaed the redoe ton of parasde
wrgs diring the trestment of wastewster o thelr scownmlation
in tie sold phase (dudge). The sedimenttion spead 15 edi-
maixt by Shuval (1977 at 0065 mh for Ascoris p. esps,
3% mh of Ankydassnme, 026 mh of Temie, 153 mh of
Trichuny, and 12,55 mh of Sofvieewra, Several suthors
have showed that westewser and sewage sludge conain 8
larpe quantity of Awaris spp. eges (Amahmid et al. X402;
Sylla and Belgleal N68: H Fels et al 30146, the shundance
of Avcorris spp. e g i expleined by the i nesist nee and their
trananEsion mode (drect eyvele ). The helmint eges contan &
thick ouwier laver thal acis a3 proection barmiers 1o various
enyirmmental condition:, which explain thewr high reskance
1 fractivation (Maya e al. 2002),

According to the literaire, helminh eoes can survive untl
1012 monihe In exeretion in rapleal clmate (Sanguineni
et al, 2005 Kond at sl 2007). Feachem et al. (1983 haxplained
the predemimance of Ascaris gp. n the emvironment by their
exiremely shundan epr moduction ad their ability 10 su-
vive. (Lf 1o 1.2 hillion people am globally afocied by
Ascarizzis and the most affected populstions sre in Sub-
Saharan Africa, Latin America, and Asia (Lozang 2012),
Chikdren betwoen 5 and 15 years old are the most vulnersble
{Bmuly 2ieM),

e of te mos st tive oplions for shdge disposal & its
g in agriculure and then specific guidslines regarding hy-
giende queality mug be fulfillad, So, a5 © aven the risk of
contamination, he dulee mist be properly sandtized (Reilly
20y Arthurson 2008; Bocks et al: X&) Delydration ech
ke el shuddge Himing ane ofien used =5 ways 10 educe and!
o eliminate their peradie loads. Numerus udies have shown
taithe badc pH (higher than 10) nfuences the denegmtion
of helmint eggs in bosolids (Gasgperd and Scbwartbood
2003; Cappizzi-Hanss ¢ al. 2004 ). Mevenheless, reating
shedpe by delwydration proces ondrying beds was nod efficient
encuh 10 eliminaie all helmint eges The high concentration
of hetminth epgs contined in the fresh shidge could not be
|mactivated indrying beda. Bl Felsetal (2014b)amt Kondé etal
(20T ) showed die exigence of sigificant amount of helmintl
eppd {Avcaris and Trichuriv) gfter sludpe dowatering.
Furthermome, Canmer o al {2001 ) deeced viable nemalode
eirgs in delydried slodoe aomed for 8 months. Trestment of
shidpe by amerohic or asrobic digesion mdor devaidng

&L springss

will redhuce the nutnbser of patogas, i signlficent nenbes
will remain (Straub et al 1993 ), Several shulge trestment fro-
cadures inehde composting were apphad; ad most etos
invelved in pathopen inactivation are controlloed by
compoaing prooess (Kond ot sl 2007: El Fals et al. 2004,
Hanig { 1903 showed tlest patvegensurviva b eould ocowr i low
emperaie ames. However, Wiclok and Me Carmay (2007 )
denonaratod that patogen inscti vation izexpecied 1o oc o if
all particles of codposl manin empersimes orester than
55 50 for o lemst 3 days El Fels et &l (2016 showed that
paithogens should be reduced © non-detacable kewlk duim
commpaaing of organic matier.

Composting & a process with & bw-cost and eagy-lo-oper-
ale, it i a widespread process ueed for the reatmen of wases
inmiddle-income countries { WHO 2006; Kond o al. 2007; E|
Fels etal 2004b), This senohic bological degradstion proces
of organic mater has developed in Moroooo in recent years
especially the sectar of compogting of green wase and slulge
inesatment plants, Mevertheless, composting has the benefits of
meducing the envinonmenial fiks sssocisted with waste man-
aemet by reducing the vohime and the destruction of path-
ogenie organising (Saba and Ferrind 2006 El Fels et al,
2014b), Moeower, compoiting provides 8 ftable, hamifled
il Iy el smendiment conlsining tHenis,

Mary sandies were interesied in the e Fectof composting
helminthes epgs imctivation Sesbwvh et sl (2000) suded the
inflpence of composting orpanc waikes (araw, sawdus, wood
lrrash, and shdis) during the winter and summer sessomns o
the survival of non-embryonsied Asweis anom eges. Oiber
studies wene conductod on activated municipal sludge
(Yankio | 988, El Felset al. X4k, Helmint aggs insctivation
inlagooning shudge & notwidaly discussed inthe cempod ing
literanme,

The olfectives of this audy wene o aises the quantities of
hebnmtheges in freshiand dehydrarod gooning sudge under
semi-atd climsie (case of lagoonbg wasewsier trealment
platit of Chicheous city), and then follow their mactivation
duting shedee compodting with green wanle, Moreower, &
identify fac ks mvoliad in die effectvenes of helminth eegs
inactivaton by the co-composting proces of dewsterad
shedpe mivad with geen wasie.

Material and methods

Sampling of sewage shidge

The sewape shidpe comes from namral lagponing waskewater
treatment plant of Chichsous cliy. & ol of 3600 m" of
lagooning shidge was recoverad by 8 pumping unit st on
the baaks of each pond This f the fra totsl cleantng doas
afier T years of oporation.
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Drewstering 15 ong of the primary proceses of shudee man
apement A small decresse in e amount of watet in the sew-
ege shudpe produces 3 sionificant reducton in 15 volome,
which & very necessary for the following stage of shdge
mecye i (Kodecka et al 2017), In oor case, the shdoe was
diehydrated on drying beds i facilitsie the preparation of mix-
tures for an ndustrial scsle composting. The dehydrated
sludge with 37% of waker and & pH of shout 72 was stoned
for about 4 mantha at room tempersiune before compoding,
Howevet, samples of fresh sludge {molsune conbent of 8hout
4% and & pH value of 7.80) were goned at — 20 *C wnail
analyds

Composting trials

Dehydramd shidge and groen wasse (mixed of blend of leaves.
grass clippings, and shrub ¢ lippring) from e ganden city were
the two substrated used in composting.

The man charscteriaies of the differen compoging sub-
sk are preseimed in Table 1.

The composting process was cambed out &8 windmows for
105 days on & compod ing platorm ooated i Chichacs eiry.
Theee wals with differen propotions were comdbictad:

= Miawre 1 (M1, 172 shudge + 172 green waze, (uoal vol
umeof 4m’).

= Miawre 2 (M3, 273 shudpe + 1/3 green waze, (uoal vol
wne o 4m'L

= Miawre 3 (M3, 173 shudge + 23 green waze, (1ol vol
wne ol 4m')

Dheringg the first 3 maonths of composting, & regulsr lewing
was achieved mamally and woekly & ensure acrtion of
windrows and 10 moderale the mosiwe by slding waier lo
B, The lenmperature of the windrows during the process of
co-compoeiing was messured daily & dffereni levels with
spocial chips (PHITMK 13 Version 1 20 Ector Traceability

Homogenaos composiie samples were hen s T, {fist
day of compeoating ) and during ssch stape of composting (T,

Table 1 Main fatmes of the mbwrees meed for oomposting

pH T =008 TIz=03a TEN=031
oo st | WFW) BWNa0)6 3704 a414:011
Ash comten 1 (3 W) IET3 =004 G028 +0] HAT=008
T {9 T 11442035 2062018 MESE012
TEN (%) (TW) 104 =028 1062013 LID=0]
CHN 4.4 pr. % v o i

FW fmsh weight, DW dy waght, T oal organic auhan, TKN1oml
ieldatl mimagm

T anid T g iy ). Subsamgles of 1 ky were taken st diferent
poinits abonng the lengh and haight of the windrow fellowed by
quanerng and canafully mixed. The composie samples wene
kept &t — 20 °C uniti] analysts.

Physico-chemical analyses

The pH was messured on an aquoous e xtract of the compost as
tiliested i the French standand procedire AFNOR MF TO0-
(M. The total kigldshl ndrogen (TN ) was assayed by dsul-
|stion acoording i the French smndand procedure AFNOR
To-1 1hand ammoniem on coatent was determimed by alls-
line distillstion, Tob | ergnie carbon { TOC) was determinad
sceotding 10 El Fels et al s (201 4a) procedure. Molshne con-
lenis were determined by drdng a fresh sample of compost
and shudgeat 108 °C for 48 h{AFNOR 2000),

Decomposdtion reke and ash conenl were caloulsied sfter
calcination in & mmiffle fomace at 600 “C fir & haccording the
equation bekw:

Decompostion rawe (&) = 110 [indual ash | d-Onal
il flem] ach {100 initks] ash)],

Identification and quantification of helminth eggs

The analytical technigque for the identification of helnint
epgs was camied out on 10 g of fresh shdge and of each co-
compoaing stase. The first siep was the separation of eges
helminth from ihe particles by ammonium bicathonaie
{11L9%); after centrifugation the pellet was mocoverad md
washed with waler 10 mmove the mest of ammonium
Ivica rhodeate.

The second aep was the concentraton of 2pgs bawd o
flaation method (Bailenger method) withthe presence of zine
sul fte {568 1%, specific gravity, 1 2% (Bowman el sl XW3;
Schwarzhrod 2003 Kond 21 al. 2007 El Feler al. 200 48),
Adfler centrifigation, the Hoguld supsermaimnt was recovenad,

Afler being located at = 100 magnification, the helnint
epes wene identifad =t = 40 magnifcation using s Mac
Mager blade. Photmicrogaphs wene inade using a beinoe ular
tnicnmcope (canerst Motican LML, 1.3 M pxel ISB 240,
lems 16 MM, 6281 The 0@l number of helninth eges was
expremed per g of fesh sample,

Statistical analyses

Principal compoanents analysis (PCA) was appliod 10 the cor-
relation matrix betwoen physical—chemical vadsbles and
shaterment rate of helmiith e for the thiee mixwres. The
smtistical reatmenis wene studed with the softwane SPES
Sraieties 24 Win version 1L
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Results and discussion

In order o Tollow the evolution of composting proces’, tha
physco-chamical paramoters wore analyzed. Flogure | pre-
Senis lemperamne versus tme during composting period for
the three mixures. The praphic has a classic ook composting
evolution; i1 has wo maln plases of winperaume chanses
{thermophilic phase and mamrstion), In thermoplilie phase,
the temperahme noneae: 1045, 44.6, and 50 50, regpoctively,
for mixures M1, M2, and M3 romlting from the inense mi-
erobial activity by degradation of simple moleculss in the
sulstrag (Khalil eial 2400 El Fels etal 2006), Thereafier,
thet iempe rafune decre ases 10 reach room iempe reture; hissec-
ol plase called manmation phase during which only com-
outils resigani i degradation ane remaining

Table 2 presents the physicochemical parameters values
after 105 days of compoding. The pH value of the throe mix-
nred tended 1o sabil e a1 around neutralize (722, 7.14, and
T, respectively, for mbiues M1, M2, and M 3) because of
bauffer power of lumie st the matuation phase. The increas-
ing of Carbon/Mitrogen ratio (C/N) B related 1o the los of
organie carthon due tothe biokeheal oxidetion of organc mai-
tet, and 1o the sugmentation of ietal kisldsh] nitrogen (TEM)
concenimio by degradstion of carbon compounds and the
mineralzstion of nitregen-contsining molecules. The decom-
positon mie ako increased afier 1046 days of composting o
33,63, 3924, and 36.41%, respectively, for mixtres M1, M2,
amd M3, Acoo ding to the literatme, te resulss of the plysico-
chemical paametens afier 106 days indicated that the fnal
codnpost i matre and sable.

Identification and quantification of helminth eggs
of raw sludge before and after dewatering

The microscopic exammation ofzludpe samples shows a pres-
ence of pamzies belonging o Nemsthelminthes groups
{Ascrris gpp., Trichuris gpp,, Capilloria gep., Hookwomr
spp., and Texscara spp.) and to Plathelminthes groups
{ Bremia spp. and Sohivtoroma spp.), 8 pradominance of
Ascaris app. engs compared 1o aher types of helninths was
noted (Fig. 2). The identified Nemathelminithes and

v Moom T

-
"

—a— Wit e D &

Plathelminthes species orignaed from humen and snimal n-
T il parasies.

The concentration and distribution of nematode egs
{Asvcariy specifically) in sewage sludoe have boon studied
(Hond etal 207, Konsid etal. 2013 El Fels et al. 200 4b).
It has been shown that the demsity of the helmint epes &
grenter than that of the water (1056 & 1 237), which favas
thelr seriling in shedge (Kont et al. 200°7; Ganteer etal 2001 ),
ElFek etal (201 4b) and Kond etal. (27 have reporiad that
crgs of inbestinal nemakxdes s swonger than hose of tape-
worms in wasewster aid, there fore, in shdoe. Konai @1 sl
{201 3) have examined the verleal distribaion of helmint
epps in the sewage sludge and showed that te upper layer
ol shudee, which 12 the most recently deposited, contsing most
of helmindh eggs (3100 helminth eggsfe W) and las the
highea percenage of viahiling (57.2% )1

The fresh shdge contains 154 1o 37 epgi'e with & pre-
dominance of Awaric pp. (104166 ceg’y) follbwead by
Capilrrie spp. { 24-1 1 cposeh, Triskurs spp. (056 cpesn,
Towveara pp. (1.2 1o 14 epgs'n), Hoobworn pp, (L2214
erpan), and Fremds spp. and Sefdtovouma spp. < 1 egg'al
Afier dehwlrating the shudge, the concentration of he lmint
e decreased with anabaiemenl mie ofaboul 35 o 485, We
copiled from 810 24 egps'y, witha domisance of Averris .
(519 epo'y) followed by Tocara spp. (0224 egosiol
Hookwarm spp. and Capilluria spp. (0.4-1 egoie)
Trichurs, Taenia, and Schivterama (< | egi'e). The tmatment
of dndge by drying bods sllows the nsctivation of a pant of
helmintheges derough the wis ok mys and leaching, Ayres
et al {1999 have determined 1thal 9 o 415 egoal of nema-
tode epps were presented n dewslend sludes, Kond el al.
{2057y showed fuat dewatering process on the drving beds
was ool efficient enough 10 nactivale all the helminth emes.
They iseked up to 2238 helmimh egps's (Awaris and
THekurs), of which 25 10 50% am viable. Furilemnore, El
Fels et al. {2004 showed 1hat the dehydration process did
el appear 1o e effective for the cunplele elmnatbon of
hebninth eges: they have counted from 4 d0 27 eges'p
{Ascaris spp., Trichuris spp., smd Capillaria spp.) in
delilrated sludee.
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Table 2 Evohmion of

pysicoctemmical peramsen Mo Time: {days) pH N DEC (%) TEN (%
i o 749 =001 = a 84 = 002
168 X0 447 AT =24 136=01
2 i Ti4=019 7461 a 095 =011
15 T4 20078 a4 g =013 LIE=01F
£ a BElg=024 48 a 088 = 000
15 A0 = 00 101 Wdlz2S M=

TEN sl K chinl mitarvgen, JOELT Aoy v fmion e

I scoondance with the recomine ndations of ha WHO
(2004 fiw the reuse of sludpe (1 egriy o less), the concentra-
tiom of hehninthe g venains ld ph snd exceods the ammdenk.
Hence, the resument of shidge by dehydraton alone is
imsufficient,

Abatement of helminth eggs by composting process

Duiring the co-compoating, the identifled helminth epgs wene
the same a8 these found inftially indehydmied sludge, such as
Ascaris gpp., Fichuris spp., Copllada spp., Teecara $p.,
Herslowerra g, and Schiveasoma spp, Atthe initial smges of
co-oempodting, we caiied 3 [dwer concentmtion of the sl
helminths eggs than in the shudge only that & of aboa 16,
184, and 122 of the towl helminth egeain, neguactively, for
mixteres M1, M2, and M3 (Fig2). High concentration and
diversdty of helminth eggs was olserved i mixiue 2 {Fig.
2, Fig da<1

A signdfi cant difference Inhelminth eggnumbers b well as
the shaence of some sppocies a1 the initll soge was evealed
(Fig. 3z—c) We noted the shaence of Trichris spp. and
Sehiviowmma 3pp. athe initisl st ge of compoaing of mixnme
ML anmd Fricheris spp, Mesocarnr spie., and Schivionoma spp,
for mihre M3, However, the Trenin spp was alwent in all
rrixtines M1, M2, and M3

The varishility in te members of the helmint eggs ol
servad | Ty bn the mixmres M1, M2, and M3 B due 10 the
diffenen proqortions of mixed shdpe with the green wasie, El
Fels et al. (2014 dwwed that the stuctue ofthe lignoos lw
logic matrix onte which the helmint egas can be adsorbed,

Fig I Tomnl helmimh sggs per g
of faesh and deang aring shadgs M
matesial aned initia] siages (Ta) of b

composting of rnoeoes W1 MW A 7
and W e
24
i
id
1]
L]

+renh mzetam

g Pl

partially esgilains the differences noted tn helminth egg niem-
bers during comporting. Similarly, Kond e al {200°7) showad
that when the maierial s digedod snd the panticles are finer,
the variability of ege mmm bers decressad bocause of the great
e omsitency of he mmple, Beside the suhamsie sruetum,
the indtial load of helminth eggs of sludge coukd- explain the
ahsence of Frichurds spp., Tocara ., Schiviocoma spp.,
andl Fow i s

Douring compodting, we observed 8 decresse in the conoen-
tration of Wal helminty epps (Fig. 381, This cormespuomds 1
a reduction of 725, T8, and 67.3%, nespectively, for mix-
tures M1, M2, and M3 doring thermophilic phese (27 days).
However, afier 105 days of composting, the reduction rate
reached 975, 97.8 and 98.4%, nspectively, for mboienes
ML M2 amd M3,

Al finsl gage of process, the mduction in the numbess of
Awcaris spp, eges was sbout 977, 974, and 97.9%, respoc-
tively, for mivtmres M1, M2, and M3, However, a 10086 of
reduction was obained for Tooecara spp, Hosbworm spp.,
Schivisama spp., Trichwdy spp., and Capdloris spp.

A difference of 8 kinetic abatement of all ide ntified species
wis noled, This shaement is linked to the varastion degroe of
nleysico-c herrica | parametess of each mbowne aech a5 1empor-
ature. The tine necessry to stain Mgh levels of helmint
e thvathon { > 95%) & variable in te Herahime, repors vary-
Ing froan 2 hode 180 days, based on the 1anpersiee ( Gamner
et al. 2000 Ayres et al 1999 Cihiglietd et al 1997,

The dominance of Ascary spie eggs in the three miximes
with kow reduction raie i just fied by the rsigtance of Awaris

el
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spfu egrs conpared o other halmmnth eges The hebnimth epps
e moe nesdstan o atack by the envimnmental faciors,
This nedsnce B due to the presence of thick cuticles tha
prevent the passge of comam aibdances (@rong scide and
bapesi - mcidtanis, reducing agents and detergents, 2. ), The
pemmcability of te hebnmih eges is imied 1o te passape
of waler, sane solvents and some s (Keffala of sl 2012),
In our case, the helminth eges reduction & explined by the
lemperaire neresing which reached 45, 44.6, and 50 50,
redpectively, for mitunes M1, M2, and M3, Gasparnd and
Schwanzbrod (2003}, and Cappizzi-Banes ot al, (2004)
ahimwad that ldeh temperannes acoeleraie the e of desoes-
tion of Axearis cells. El Fels ot al, {200 4b) showed that 2 high

&1 springes

T ST mTay e T

temperaiune B damaging the cells of he helmimhs and ther
capacity o survive afier their expokal for several days, The
lemperatung neresse 10 45 *C can e nhande 10 merease e rate
of chemical reactions and enzymatic proosses which myvohee
an increase of the epos membrane permeshility (Mays atal.
20012), Vinneras el al, (20803) showed tlat the inactivation of
all Awariv spp. epps will the place if the femperature in the
compoaing windrows nanaing slwve 45°C forat kag Sdays,
The same reuli ¢an be obiained with B days a 44 %C.
Funtherrne, olher Bclors may amiribue o the inactiation
of halmind: eees such a3 the doration of expoarme and the oam-
ceniraton of ammonia (E] Fels ot sl 200 4. The peduct o of
arunonia i the hemophilic phase of compos ing contrilruies i
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the meduction of helminth epera. Anumonds exiss naually in
wadewaler fom the hydrobysis of wea snd 1le degradaton of
proteins and other compounds consinmg nirogen. Tl the
irmctivatim modianiam of pathopenie microorgnims by am-
s may be die 0 an sheration of de mem e polentsl, o
the eyiplasmic pH inaesie and o the bes of poasdum ims (El
Fels et o, 3014k Pocson ot al. 2007)

Carbyrale ons and volsile Gy scids are alse nown for
thedr ability i mactivaie pathogens, Sagubnettl of al (2005
showed that the decresse in the concentration of water in the
envirmment could promoe the imctivation ol elminh egs.

Oiher mshon have sadied the pH fsctor in Bosolids dis
infectioag they showad thatpH between 12 and 1226 for 20 10
bl days is effective fir nevatode epp nactivation (Gadpand
el al 1997 Relmers et al [990). Schub ef al, {1965) have
obset vad insctivation of Assoriv aacm eggs sfler 24 months
of sewage shdee sorage 81 pH 125, Ganteer el al {20db1)
showed significent infleenes of waperature and pH on de
tmectivation of paragie eges during sludpe trestiment

The nesuls olaaimed m o stidy reveal tha te combing-
et of dewsering of shidee snd physico-chemical feem
during conposiing (eombination of lemperatre pH, NH,,
mind i) pruvides by genic cormpod salfe for s prcuhumsl
fLCTEER

Statistical analysis

The reals of the PCA of conyrost ing parameters and rodoc-
then rake of helminth e ges for the three mioures ane eponied in
Fig. 4.

The projection on the plane of varishles compoaing pa-
rameters {erperatune, pH. and NHy) od Helminh spgs e
mieval for tee throe miviee s in terms of wo maln oo s
{1 amd 1),

Figure 4a—¢ shows the srong come lation betwoen temper-
tgre U reduction ofhelmint e for mixiwnes M1, M2,
and MO These nesuls confimn that the em pe raire 15 the main
factor in the removal of helminth eggs Ammonds and pH,
which ane pegitively comelaied with helmint egos shawmen,
coud also contribuie 10 the helminth insctivation during
compmsting

Conclusion

The dudse was (nitially loaded with vadows gecies (Aseany
ipp., Hoskwerm spp., Capillaria spp., Trickuris spp.,
Topocara spp., Brenia pp., and Schiveeesmay gp. ). The con
centration of identified helminth epes decrescod after dudga
dewatering reducton rate wene 35 10 48%. The helmint egpes
comoents o rerminad high and exceadad the dmdards
Mevertholess, the sisbilizmtion of dewalensd lagooning
shdge by compodting during 108 days bod 10 redoctions of

L Speinges

helminth eggs by approcimaely 98%. A stong cornelstion
wai shown between emperature and helmint egos ahate-
mend. Besides, various pamameien werne invelwed n hebnmth
enps insctivalion auch a3 subsirale sirgciine, Mok, 3 -
nhem contend, and pH

The concentraion of belmint epgs docrssied o levek
moating the WHO (20400 muidelines setaf | epgls or kess,
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Dreveloprment “BOCCMPOSEL " fonded by dhe b omemn Mimisry of
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Abstract

The purpose of this shady is to assess the maturity and stability of the lageoning sludge (L5) with preen waste {GW) dur
inp sami-indusirial composting. Physico-chemical parameters, spectroscopy analysis and perminalion st were monitomd.
Afer 105 days, the decomposition rate of about 33.6; 39 and 365, a-stahilization of pH around mestrality; NH N0, atio
decreased o 0,922, 0,974 and 1 038: the N mtio decreased to 947, 924 and 1010 respactively for mixtune 1 (M1}, mix-
tere 2 (M2} and mixtune 3 (M 3). This reduection is explained by the bio-oxidation of organic matier. The inbense microbial
aclivity wus characterized by the rise of emperature (hetween 40 and 50 *C) durimg the first woeks. Huomification process
was characierized by the increase of humification index (HI ), which wes approximaely 62.1%:; 73.6%.: 61.5% mspectively
for M1, M2 and M3. The progmss of hurification process was deermined by the dacreuse of aliphatic shsorbance bands end
the increase of aromatic sbsorbance bands. The increase in permination index (G (> 50%) tor the four seeds: cress, alialfa,
turmip and radish, af the end of composting indicated that the composts am phytotoxic- froe and ame rich in stiabla orpanic
compounds and merients. The mesolls show that all three composts are mature. which opens the way for their application in

apricebiure withowt risk for the soil-plant system.

Keywords Composting - Lagooning sludpe - Semi-arid climate - Musturity indicas - Hemic substunces - FTIR

Movelty Statement

High amounts of slodge are produced afier the water-puri-
fication using lagooning systems. Nevertheless, no indos-
trial study of Iapooning shedge was founded in semi-arid
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megion, The composting performances m eanding the pollut-
ant removel are conditioned by the instrurnental reliability
and the snalytical approach efficiency. The process aims
to assess the compostahility of lagonming sludge, where
hiode pradebilily emains littk stedied unlike the activated
sludpe. A fast and sensitive approach spectroscopy-hased
tood was wed to give the wide information on orpanic matter
decomposition. In addition. the hiological index using the
seody perminations especially, which is adepied to the tocal
climatic, leads to point out bo new compositional maturity
indax likely to be extrapolated on an industrial scale.

Introduction

In Morooco the quantity of sludge from sewepe sysiems vanes
from 40,000 ons per year in 2010 and is projecled io reach
00000 by M025. Diflierent fypes of treatment plants axist in
Maorocoo [ 1] with the activaied sledee and lagoonmg sysiem
being the most used. Handling and disposal of large quantites

€1 Springer
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of sludee & one of the major problems. To avoid their negs-
tive impacts on the emvironment, it is requied to edoce tha
ammount of sludpe waste and reuse this sosoe of organic matter
&5 Tartifiner. Severn! options exist for the alimination of sow-
age shudge. ot the choice must be dependent on the cost of
mstallation, the origin of the siedge, the added value of tha
Esulting product and their impact. Lendfll has homead ot 2 bt
mwarding and slso o prohibited techniqoe in many countries
[2]. Incineration of sludge has a prohibitive cost boside their
risk linked to toxic gases emission in the environment such as
diceims, znd acid pases [3]. Composting is commealy consid-
ered & one of the most eflective ways for recycling orpanic
waste producing a sizble. pathogen-free final product [4£-6].
This prooess is an exothermic serobic process of degradation
ol organic rnatter of different oripins by 3 sucoessive group
of microorpanisms; this muterial is mansfrmed into & stahia
prosfuct rich in minerals and bumic compounds [7-10]

Humus formed during composting may act &s 2 chelat-
ing agent for heavy metals (HM) the esulling effect is =
decrease in the free HM concentration in soil and also a
controlbed provision of nulrient to planis {6, 11].

Land mpplication of compost allows the erhancement
of the organic matter conlent, the humidity and the cation
exchanpe capacity of the soil [12. 1'3]. Composting can be
considerd & an plternative bo chemical fertiloers; moneo-
ver, using compost wouald permit cash sevings to farmers
[0, §4].

Dwring composting,. the activity of indigenoues microor-
panisms is enhancad by the physico-chemical enviroamentzl
parmmeters of the composted solid matric . When environ-
mental conditions are optimal for microbial activity, meso-
philic and thermophilic microorpanisms repadly decompose
the suhstrule. incressing emperator through metsholic hest
release. Compast stability refers to the mesistance of com-
posted organic matler to further rapid hiodezradation |13,
16]. Respirmetric methods; principal component physico-
chemical unatyses ON and NH, "N, ™ ratios and burmifica-
tiom indices [&, 17-19]; measurement of carbom [220]; spec-
troscopic methods (LY visible, Auomescente, FTIR ) §6, 21
amd permination esting ame the most used ests to evaloae
the maturity and siability of composting products.

The objective of the present study was to evaloale the
organic matier breakdown ocowriog in the lapooning sludpe
pEen wesie mixture during the semi-industrial composting
process, under arid climate, by physico-chemical and infra-
red spectroscopy (FTHR) analysis to confirm the substrate
stahility by the ge rmination st

&) tipringer

Materials and Methods

Experimental Site and Composting Test

The pesent experimental study focuses on valorization of
lapooning sludes (1.5} from the wastewater eatment plant of
the Chichaous city (Monocco). Becaase of its high moisture
content =nd small partick sme; shidge was mived with green
wasba (GW) as bulking apents which, permit adequate gas
exchanpe and prevent excessive compaction of the composting
substrate by providing the structeml support [22]. The main
characieristics of the substrates are presented in Tahle |

Commposting was carried ot in manicipal nersery gardens
in 201 6. Theee mixtures, M1, M2 snd M3 weore prepased as
4 windrow with the following proportions:

= Mixtere 1 (8 172 slodge + 172 green wasie. for & fotal
volume of 4 m’,

» Mixtore 2 (M) 173 slodge + I3 green waske. for o iotal
volume of 4 m?,

= Mixtere 3 (M:) 173 sludge + 23 green waste, for & total
volume of 4 m’,

The composting was carmed out during 105 days dur-
inpg which, the lemperatoe was messumd every day 2t dit-
ferent levels of the windrow with sensors with data mem-
ory (FHOTH0LES model 1.30, Ector-Tragability softwane,
ECTOR France). The windrow was twned over by hand
woekly for seration. Homagenous samples were lulen al
Ty (first day of composting) and afer seration of the mix-
ture. Homogenous samples of 1 kg at (Tg), 1 month (T 2
mamnths (T,), 3 months (T ;). 4 months (T ) were obained
by caraful mixing of severl subsamples faken at diffzront
points (height and lenpth) of windrw, and guertering them.
The samples were kept at A °C before analysis.

Physico-chemical Analysis
The pH was measumed using an aquecus extract of the com-

post at room temperature {1 21 0mL. of distifled water} after
3 min of agitation & ambient emperature according to NF

Table 1 Main featmmes; of the sohsmates mad for compasting

Paremessm Srwape slinfge Cirern wasie

Muoiztur: coment (%) Tad0 +0021 35.1340009
™ T 124006 T30 +0013

TEN (%) 166 =004 151 +0.106

COT*{%} 1521+0.171 514440016
N T3TH 3

Ashes rue® {%) SL1E+0.163 1BT3+0017

*Result expressed per unit weight doy matier
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of sludpe &5 one of the major problems. To avoid their negy-
tive impacts on the emvimomment, it is requined to mdoce the
ot of sladee waste and reuse this source of oreanic matter
a5 fortilizer. Severa] options exist for the elimination of sew-
age sludge, i the choice must be dependent on the cost of
mstaliation, the origin of the sledge, the added valuz of the
msulting product and their impad. Landfll has tomed ool 2 bit
mwarding and elso & prohibited Echnique in many countries
[2]. Incineration of sludge has a prohihitive oost beside their
rigk linked to toxic pases emission in the environment such a5
divm ins, end acid pases |3 Composting is commoaly consid-
ened as one of the most ellzctive ways for recycling orpenic
whste producing a sizble. pathogen-tree final product [4-6].
This process is an exothermic serobic process of degradation
of organic matter of differont origins by & sucoessive group
of microorganisms; this material is manstormed inéo & steble
provduct rich in minerals and humic compounds [7- 10}

Huomus formned during composting may act s a chelat-
g agent for heavy metals (HM ). the mesulting eifect is a
decresse in the free HM concentration in soil and also a
conirolled provision of nutmant to ptants [ 11

Land application of compost allows the enhancement
of the orzenic matter content, the humidity and the cation
exchanpe capacity of the soil [12, 13]. Composting can be
considamd as an alternative to chemical tertiloers; moneo-
ver, using compost woold permit cash savings to furmers
[, 14].

Dworing composting, (he activity of indigenous microor
zanisms is enhanced by the physico-chemical environmentzl
parameters of the composied solid matrix. When eoviron-
mental conditions are optimal for microbial activity, meso-
philic 2nd thermophilic microorganisms rapedly decomposz
the substrale. increasing iemperatume throagh metsholic beat
relezse. Compost stsbility mfers to the msistunce of com-
posted orpanic matter to further rapid biodegradation |15,
16]. Respiremetric methods; principal component physico-
chemical anatyses (FN and NH,“/NO;™ ratios and burnifice-
tion indicas [%, 17— 19]; measuremeant of carbon [20]; spec-
troscopic methods (LY visible, luomescence, FTIR ) [6, 21]
and permination esting are the most wsed osts (o evaluae
the maturity and stahility of composting produocts.

The objective of the present study was to evaluate the
organic matier breakdown ocomrming in the lapooning sisdge
amen waste mixiume during the semi-industrial composting
procass, under arid climate. by physico-chemics! and infra-
red spectroscopy {FTTR ) analysis to confirm the substrate
stability by the permination lest
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Materials and Methods
Experimental Site and Composting Test

The present experimental stady focuses on valorization of
lapooning sludge (L5 from the wustewator meatment pkanl of
the Chichaoug city (Momocen), Because of its high moisture
comient and small parlicle sime; sdge was mixed with green
waste (GW) as bulking agents which, permit adequute pas
exchunpe and prevent excessive compaction of the composting
substrate by providing the structeral sapport [22]. The main
characieristics of the substrules are presented in Table |.

Composting was carmied out in manicipel nursery gardens
in 201 6. Thee mixtores, M1. M2 and M3 were prepared as
8 windrow with the following proportions:

= Michme 1 (M) 172 slodge + /2 green wasie, for a fotal
volurme of 4 m’,

» Mixture 2 (M, ) 273 studge + I3 green waste, for a {otal
volurne of 4 .

+ Mixtime 3 (Ma): 173 sludge + 23 green wasie, for 2 lotal
wolume of 4 m’,

The composting was carmead ool during 105 days dur
ing which, the temperatiue wis measaed every day 2t dif-
ferant levels of the windrow with sensors with dats mem-
ory (PHOT0E IS modal 1,30, Ecto=-Tragability softwana,
ECTOR France). The windrow was turmed over by hand
wiaz kiy for seration. Homogenous samples ware liken ot
Ty (frst day of composting) and afler ssration of the mix-
ture. Homope nous samples of 1 kg at (Ty). 1 month (T,). 2
momihs (T,) 3 manths (T';), 4 months (T,) were oained
by careful mixing of soversl subsample s =ken al different
‘piints (height and lengih) of windrow, and quariering them.
The samples were kept ai 20 "C before analysis,

Physlco-chemical Analysis
The pH was measured using an aqueous exiract of the com-

post 4t room temperature (1 2/10ml. of destilled water) after
30 min of agitation & smbient temperature according o NF

Tablz 1 Main feanmes of the substrates wsed for compasting

Paremedems Sewape shafge Gireen wasie

Mpisture comen (%) 16,40 +-0.02 1 151330009
pH 7221006 T.30 0013

TER" (%) L6001 L31 +0.116

00T (%Y I52140.171 514440006
oN BTH 4

Ashes rme* (%) 6018 +0.163 18730007

“Results e spresssd per unit weight doy matier
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of sludpe &5 one of the major problems. To avoid their negy-
tive impacts on the emvimomment, it is requined to mdoce the
ot of sladee waste and reuse this source of oreanic matter
a5 fortilizer. Severa] options exist for the elimination of sew-
age sludge, i the choice must be dependent on the cost of
mstaliation, the origin of the sledge, the added valuz of the
msulting product and their impad. Landfll has tomed ool 2 bit
mwarding and elso & prohibited Echnique in many countries
[2]. Incineration of sludge has a prohihitive oost beside their
rigk linked to toxic pases emission in the environment such a5
divm ins, end acid pases |3 Composting is commoaly consid-
ened as one of the most ellzctive ways for recycling orpenic
whste producing a sizble. pathogen-tree final product [4-6].
This process is an exothermic serobic process of degradation
of organic matter of differont origins by & sucoessive group
of microorganisms; this material is manstormed inéo & steble
provduct rich in minerals and humic compounds [7- 10}

Huomus formned during composting may act s a chelat-
g agent for heavy metals (HM ). the mesulting eifect is a
decresse in the free HM concentration in soil and also a
conirolled provision of nutmant to ptants [ 11

Land application of compost allows the enhancement
of the orzenic matter content, the humidity and the cation
exchanpe capacity of the soil [12, 13]. Composting can be
considamd as an alternative to chemical tertiloers; moneo-
ver, using compost woold permit cash savings to furmers
[, 14].

Dworing composting, (he activity of indigenous microor
zanisms is enhanced by the physico-chemical environmentzl
parameters of the composied solid matrix. When eoviron-
mental conditions are optimal for microbial activity, meso-
philic 2nd thermophilic microorganisms rapedly decomposz
the substrale. increasing iemperatume throagh metsholic beat
relezse. Compost stsbility mfers to the msistunce of com-
posted orpanic matter to further rapid biodegradation |15,
16]. Respiremetric methods; principal component physico-
chemical anatyses (FN and NH,“/NO;™ ratios and burnifice-
tion indicas [%, 17— 19]; measuremeant of carbon [20]; spec-
troscopic methods (LY visible, luomescence, FTIR ) [6, 21]
and permination esting are the most wsed osts (o evaluae
the maturity and stahility of composting produocts.

The objective of the present study was to evaluate the
organic matier breakdown ocomrming in the lapooning sisdge
amen waste mixiume during the semi-industrial composting
procass, under arid climate. by physico-chemics! and infra-
red spectroscopy {FTTR ) analysis to confirm the substrate
stability by the permination lest
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Materials and Methods
Experimental Site and Composting Test

The present experimental stady focuses on valorization of
lapooning sludge (L5 from the wustewator meatment pkanl of
the Chichaoug city (Momocen), Because of its high moisture
comient and small parlicle sime; sdge was mixed with green
waste (GW) as bulking agents which, permit adequute pas
exchunpe and prevent excessive compaction of the composting
substrate by providing the structeral sapport [22]. The main
characieristics of the substrules are presented in Table |.

Composting was carmied out in manicipel nursery gardens
in 201 6. Thee mixtores, M1. M2 and M3 were prepared as
8 windrow with the following proportions:

= Michme 1 (M) 172 slodge + /2 green wasie, for a fotal
volurme of 4 m’,

» Mixture 2 (M, ) 273 studge + I3 green waste, for a {otal
volurne of 4 .

+ Mixtime 3 (Ma): 173 sludge + 23 green wasie, for 2 lotal
wolume of 4 m’,

The composting was carmead ool during 105 days dur
ing which, the temperatiue wis measaed every day 2t dif-
ferant levels of the windrow with sensors with dats mem-
ory (PHOT0E IS modal 1,30, Ecto=-Tragability softwana,
ECTOR France). The windrow was turmed over by hand
wiaz kiy for seration. Homogenous samples ware liken ot
Ty (frst day of composting) and afler ssration of the mix-
ture. Homope nous samples of 1 kg at (Ty). 1 month (T,). 2
momihs (T,) 3 manths (T';), 4 months (T,) were oained
by careful mixing of soversl subsample s =ken al different
‘piints (height and lengih) of windrow, and quariering them.
The samples were kept ai 20 "C before analysis,

Physlco-chemical Analysis
The pH was measured using an aqueous exiract of the com-

post 4t room temperature (1 2/10ml. of destilled water) after
30 min of agitation & smbient temperature according o NF

Tablz 1 Main feanmes of the substrates wsed for compasting

Paremedems Sewape shafge Gireen wasie

Mpisture comen (%) 16,40 +-0.02 1 151330009
pH 7221006 T.30 0013

TER" (%) L6001 L31 +0.116

00T (%Y I52140.171 514440006
oN BTH 4

Ashes rme* (%) 6018 +0.163 18730007
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Fig. 1 Changes of iote] Kjekdzhl nirogen (8}, ammonizm (b, nitreie dc) and 3H, "My, ™ &' of different windrows during composting process

mintume M3 the initial valee of NH,* was showt 0. 103% then
decreased to 0 067% after 105 day of composting. However,
im the M2 mixtume, the percentages of NH, ™ e gressad from
(.08 to DUDE3% after 105 days (Fig. Zh).

The docrease of MH,* is mlated to increassd ammonia
wolatilization, especially during the thermophilic phase
because of higher temperature and pH valoe [45]. Monad-
aro at al. [£5] snd Huang ot al. [18] explainad that NH *
decrease is related (o an imcresse in AMMONEE @MESSI0NS,
immobilzation by microorganisms snd nitrification

Adter 13 weeoks, the percenlage of MNO;~ has inceased
from (LUDOEZS to 0.065%. from 000825 to 00647% and
from (0825 to 0.065% respectively for mixtare M1, M2
and M3 (Fig. 2c). During composting the percentage of
NH," apd NO;~ vary inversely owing to the comversion
of MHy" to M0y~ The index of nitrification calculated as
NH_,".I'MJ,' (Fig. 2d) varies from 12 to 0.92; from 12 to
097 und from 12.55 tol .04 for mixtore M1, M2 and M3
respectively. According to Muostin |£7 |, Benhassou, [48],
Barje et al. [21] and El Fels et al. |&6]. the enrichment of (he
final compest by MOy~ by contribution of NH,* trans|ste the
evolation of the suhstrate to & compost fee of phylotoxicity.
‘These amthors ex plain that the increase in nitrates during the

mataration phase. caasing the redection in NH SN0, ratiog
is attriusted to the good conditions during this phass that
allow the development of the nitrifying bacteria Tha NH
MO, bower than 1 (Fig. 2d) is considened as an indication
of the transtormation of substrat to yield a compost free of
phytobexicity [&, 49] Similarly, Apaolora et al. [50] attrib-
uted the change in the index of nitrification in composted
sludge to the ammonifying organism and nitrifying bacie-
Tia, environmenial conditions emd the characternistics of the
substrains.

As shown in Table 2, the evolution of TOC peroentage
diing the composting process for all treatment is reduced
steadily. The TOC values dropped from 1740, .96, and
1E.23 10 12.88%. 10.97%, and 13.14% for M1, M2 and M3
mespactively. TOC loss has been mported as an important
purameter thal may serve as an indicstor of the depree of
2250 [n organic mater axidation |42, 51. 52| Mevertheless,
diering the maturation phasz, the carbon content relatively
siabilized. Indoed. in this phase carbon losses e slowed
down and there has been a edistribotion of carbon by the
mechanisms of the humification |6, 47].

The (N rabio is one of the most important factors mfe-
encing compost quality | 53] and ome of the best indices to

& Springer
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evalaate the matarity of compost |6, 54]. After 105 days of
composting the C/N ratio dropped from .52 1o 9.63; from
2190 1o 9.24 and from 30.72 1o 1.1 for M, MI and M3
tespectively (Fig. 3). The decrease of FN ratic is mainby
dis2 £o the carbon losses throupgh organic carbon exidation of
arganic matter. Carbon is used as enerpy source while nitro-
gen is usad for beilding el structum {535, 56 ). Carbon koss is
anesult of bacteria activity; themtore the C O3, emissions and
wiler evaporation during thermophilic staga ure prodeced
during this process. Hanajimaed al. [57] has stated that the
Ti-E5%: of the total loss of the carbon during composting is
in the form of 00

Carbon ox idation and OO, loss is leading to an incrasse
in the proportion of total nitrogen of the mediom [$]. Bernai
et al, [58] sngzested that & N ratio below 12 reflects an
advanced depree of organic matier stabilization and & satis-
{actory depree of maturity m shelge composting.

Table 2 illusirates the copcentration of phosphors (Olsen
phosphoms) during composting process. From day 9 of
compostmg the concentration of phosphorus was increased
rzpidly o reach a maximuem vahse of (.9476 mg'p for M1,
09600 mgig for M2 and 0.9053 mgfz for M3 at the B6th day.
The conentration of phosphorus varistion may be ex plained
by the infloence of organic matter decomposition oo the
aydilahility of the phosphorus. The organic acids mleased
after OM mineralization bind (o the ligand forming stable
complexas which favors the mainiemance of the P m solg-
tion [59-61]. Some orpanic acids from the hurmes and lignin
compounds can be substituted for P o form stable com-
plexes. In sum, the decomposition of organic matier favars
& competition between orzanic acids and P for fixing sies
[&2]. Momeover, thera is an increase of the negative charpes
of the compost with the orpanic mater (humus) content

Huomic sabstances are highly sbundant organic com-
pounds formed by the microbial ectivity. During composting
the orpamic matter present in the initial mixture is miner
alired, while orpanic residual matier are trensformead inbs

Tiw orzanic maberials such as humic substances produced
by humification process |63]. Several authors Tomab et al
[&d]; Amir et al. [65] and El Fels et al. [ showad that tha
microbial activity and enzymalic reactions of polymeriza-
tionfre polymerization lead to the formation of aromatic
compounds. [t was noted that the products formed during
composting Are characterized by & strong dominance of the
carbon of the humic acids for three mixtures and their pro-
portion Eends io increase with the development of composts
and reached 7.992%, 8.075% and §.075% espectively for
i fure M1, M2 and M3. Meveriheless the carbom of fulvic
acid decreased with 0. 10B%. 00B4% and 0.025% respoc-
bvely for mixture M1, M2 and M3 after [05 days of com-
posting (Table 3).

Dnring composting orzanic matter such &3 reduced sugars
and amine acids produced in sbundance as by-prodocts of
microbizl metabolism may underge non-2neymatic pobm-
erization Lo form brown containing polymerns. Furithermone
the catabytic properties of the mineral matter can tacilitate
their condensation |66]. We observed a significanl increase
of polymerization dapree (DF) 74%. 96.13% und 323%,
humification index (HE) 62.050%, 73.610% and 61 £54%,
humification report (HRY 62_BEES,, T4 3765 and 61.644%
and percentagze of homic acid (PHA) 98.667%, 989709
and 9691 %, atter 105 days of composting respectively for
mixtume M1, M2 and M3. This increase can be explained by
the formation of complex moleculas (humic acids). by the
polymerization of simple mobecales (fulvic acids), or by the
hiode pradation of non-humic compoands [&].

A strong increase of the DP mdex was ocbserved in M3
This increase can be due to the composition of this mix-
ture, which coniains g larpe amount of green wasie rich in
fiznin. The hemification raie (HR ) cheractermes the chemi-
cal reactivity of substances [&7] end expressas the melative
proportion of the aromatic and carboxylic groups and var-
ies in proportion to the reactivity of the humic molecubes.
The degma of homification is high when the molecules have

Fig-3 Evolution of the T/ B
ratin doring composting af M1,
M2 and M3 i
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evilunte (he maturity of compost {6, 54]. After 105 days of
composting the C/N ratio dropped from X052 io 9063 ; from:
2190 to 924 and from 30.72 1o 1011 for M1, M2 and M3
respectivaly (Fig. 3). The decresse of (YN rabic is mainky
s to the carhon losses throwgh orpanic carbon oxidation of
organic matter. Carbon is used as enerpy soorce while nitro-
gen is used for building mell structum [535, 56|, Carbon loss is
anesult of bacteria activity, thertore the CO, emissions and
wler evaporation during thermophilic stape sre produeced
during this process. Hanajimaet al. | 57] has stated that the
T-H5% of the total loss of the carbon during composting is
in the form of 00,

Carbon o kdation snd 00, loss is kading to an increase
in the proportion of total nitrogen of the medium |41 Bernai
et al. [58] suzgested thal a O'N ratie be low 12 reflacts an
adbvanced de pres of organic matier siabiliralion and & salis-
factory degree of maturity in sludge composting.

Table 2illustrates the concentration of phosphores (Olsen
phosphorus) during composting process. From day 9 of
composting the concentration of phosphors was increasad
rapidly to each a maximum value of 09476 mafg for M1,
9600 mgfg for M2 and 0.9053 mg/z for M3 at the B&th day.
The conentration of phosphors variztion may be explaimed
by the influence ol organic matier decomposition on the
availability of the phosphorus. The orzanic acids relkeasad
gfter OM mineraloration bind to the lipand forming stable
complexes which favors the mainemance of the P in solu-
tion [ 59-61]. Some organic acids {rom the humes and lignin
compounds can be substituted for P to form stable com-
plexes. In sum, the decomposition of organic matier favors
a competition betwaen orzanic acids and P for fixing sies
[62]. Momover, there is @n increase of the negative charpes
of the compost with the organic matter (humus) conlent.

Homic substances are highly sbundant orpanic com-
pounds formed by the microbial sctivity. During composting
the orpanic mutter present in the initial mixbre is miner
alized. while orpanic msidual matier are trenstormed ints

mew organic materials such 85 humic sobstances produced
by humification process [63]. Several authors Tomat ot al
|6 ]; Amir ot al. [65] and Elf Felis et al, [6] showed that (he
mmicTohial activity and enzymatic reactions of polymeriza-
tiom‘re polymerization kead to the formation of sromatic
compounds. 11 was noted that the products formed during
composting are characterized by & strong dominance of the
carbon of the humic acids for three mixiures and their pro-
portien Eends to increase with the development of composts
and reched 7.997%., 8.075% and 8.075% mspectively for
mixiure M1. M2 and 83, Neverthe less the carbon of fulvic
acid decreased with 0. 108%, 0084% mnd 0.023% respac-
tively for mixfure M1, M2 and M3 after 105 days of com-
posting (Table 3),

[hring composting organic mater such & reduced sugars
and amino acids produced in shundance & by-products of
microbizl metabolism may underzo non-eme ymatic polym-
erization Lo form brown containing polymers. Farthermome
the catabytic properties of the mineral matter can {acilitale
their condemsation |&6]. We observed & significant increass
of polymerization degree (DP) 74%. 96_13% and 323%.,
humitication index (HI) 62.050%. 73.610% and 61 .454%,
humification report (HR) 62.888%, 74376% and 6] .644%
and percentage of homic acid (PHA) 98 667%, 98 970%
and 99691 % after 105 days of composting respectively for
i hure M1, M2 and M3 This increase can be explzinad by
the formation of complex molkecules (humic acids), by the
polymerization of simple molecales (fubvic acids). or by the
hiode gradation of non-humic compounds [&].

A stmmgz increass of the DP index was obsarved in M3,
This increase can be due to the composition of this mix-
ture. which contains & largs amoant of green waske rich in
lignin. The humification raie (HR) characterizes the chemi-
cal reactivity of substances [&7] and exprasses the elative
proportion of the aromatic snd carboxylic groups and var-
ias in proporticn to the reactivity of the homic molecules.
The degme of hamification is high when the molecules have
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coutld reflect the guality of the environment of the plants.
Lavi-Minzi et al [76] indicated thal wheat seed permination
isinfleenced by & nomber of hydroxy and methoxy groups of
the difterent acids, molecular position of single and double
hydmuy zroops, length of the aliphatic chain and the pKa of
the acids within the homageneous series of isomers.

Apzelis et al [77] and Moharena et al [TH] sugpested
mtervals of classification of the depree of phytodoxicity
according to the valpe of the indices of permination of
the suhstrates. If the GI valee is < 25, the subsirate is very
phyiotoxic; if Gl vahe is 26 < Gl < &5, then the sabsiraie is
characterized as phytotoxic; it GI value @5 66« GI < 100;
then the substmaie is cheracterzed as non-phy toloxic; end it
Gl = 101 the substrate is stible and can be used as fertilizer
and phyto stimalant.
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In contrast during the maturation phase. them was a2 sig-
nificant inctezse in the permination index. reaching thair
reaxiroem o abowl 124.67%. 113.60% and 158 31% for oo
nip: and 126:51%, 130.62% and 10E.79% for radish; and
IOR3ITH, 105.06% and 109 30% for crass, and 139.44%,
154.49% and 143 48% for alializ, mspectively for M1 M2
and M3 &l 75th day. The G values that exceeded 100% can
genarally be explained by a greal mduction of phytotoxic
substances and the enrichment of the compost by the sta-
bl organic matter and humic substances during maturation
phase [&]. These resolts confirm the findings of Tiguizet al
[T9]. El Fels et &l. [6] and Yisanet al. [30] who reportad that
1 Gl of more than 80% mdicates thal 4 compost was free of
phytotoxic substances and mature. At the end of compost-
ing for especially radish spacies the Gl underwent = slight
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Fig. 5 Changes of (Gl during compasting process of mixture &1, M2 and M3

depression. This result can be explained by the strong ionic
charpe of water-soluble axtracts determined by the nepative
correlation between the GI and the alecirical conduoctiv-
ity causing a possible osmotic effect [6]. In addition, the
concentration of sodium and ceriaim elements (2.2, copper.
zing, manganese and boroay can mhibél the germination and
zrow th of planty |26, 72, 81, B2).

Correlation Analysis

Principal components analysis (PCA ) is 4 statistical method
showing the relationship between responses of all experi-
mental varighles thal vary simultzneocusly. On the basis of
this analysis, the wody of physicochemical variables: em-
perature, TOC, C/N, TEN. NH, /N0, Olsen P, HI and
germinztion esks, showed distinct behaviors according @ the
time. Indeed, the two components (Fig. 6) explaim respac-
tively 68.01%, 30098% for M1, 67.32%, 30 68% for M2 and
FLE0%, 46.31% for M3 of fotal variance beoween the divemse
parameters while, in Fig. &, the first component explains
57.06% and the second component explains 42 94%, of the
varighélity betwaen Lhe emperature and time. Each figene of
the three mixtures: M1, M2 and M3 {Fig. fa—c} is formed hy
wo clustering of which the first is formed by TEN. Olsen
P. HY, GI iradish, cress. turnip and alizlfak are corme lEted

positively with the time whereas the second prouping, OFM,
TOC und NH SN0, am inversely correlated with time.
Figure 6d shows that the lempersture is nogatively cor-
mlated with tme. The PCA results confirm those already
detarmined by stedying the evolution of these parameters
during composting. The PCA zlso showed & good corre-
lation betwean the parameters studied in the composting
which indicates that composting M1, M2 and M3 developed
comectly.

Conclusion

The wse of sewapn sledge, compost and other different
orpanic waskes as orpanic soil amendments is a very impor
tant strate gy o comply with the Landfill Directives. This
study showed that the evolotion of & lagooning shedpe trom
whstewaler treatment plant of Chichaoaa city mixed with
emen waste during composting substantined the matarity
und stahility of the three mixtures M1, M2 and M3. The
mesulls meel the threshokds of using compost a5 an smend-
mment based on the following parameters: the O/ ratio < 1(;
MH,*MN0, <1, enrichmeant with the metrient condent (N, P),
indicating organic matter stebilization, HI increase of shout

&) Speinger
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of the horni ication process during composting of the three
mixtares M1, M2 and M3 and GI> 50%. These ohserva-
tions indicate that the final compostad product has mached
the maturity and subsequently can be used as a fertilizer
for the soil. Momeover, the comparison of the resulis indi-
caes that the most efficient compost for land spplication is
the compost resultmg from the mixture M1 (Higher NTE,
MOy~ and phosphorus content). The max e M1 {172 sow-
age sledpe + 172 preen waske ) permits the recycling of mome
sewage sludge than the other mixtures.
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