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Résumé

L'éliminationd esb oues des tation d'épuration de vientune source de
préoccupation majeure du fait de 1’augmentation constante des quantités produites a
travers le monde. Par comparaison avec les méthodes traditionnelles d’élimination des
boues de station d’épuration, tels que I'épandage, la mise en décharge et 1'incinération,
la pyr olyse pe ut € tre ¢ onsidérée comme u ne voi ¢ économiquement viable e t
respectueuse de I 'environnement. Les ¢ harbons produits par py rolyse de boues de
station d'épuration (SC) ont été utilisés ¢ omme a dsorbants pour 1 es po lluants
organiques et les métaux lourds dans le domaine du traitement des eaux usées. Ceci
n'est toutefois pas efficace pour une application a long terme, car les charbons actifs
préparés a partir de boues de station d'épuration (SBAC) se sat urent rapidement de
molécules d'adsorbat. L’utilisation de SC pour préparer des matériaux composites et
les u tiliser comme cat alyseurs d ans 1 es p rocédés d 'oxydation av ancée ( POA) p eut
permettre de surmonter cette limitation a 1’utilisation des SBAC pour le traitement en
continu de s e aux us ées. Enout re, ¢ tant don né que les SC sont unm élange
organique-inorganique, ceux-ci pourraient avoir certains co mportements sp écifiques
par rapport a d'autres s upports de cat alyseurs couramment u tilisés. C ette si tuation
nous a encouragés a employer les SC comme supports de catalyseurs composites et a
¢tudier leur potentiel dans l'oxydation catalytique des c ontaminants or ganiques dans

'eau.

Les principaux travaux et réalisations dans cette thése sont les suivants:

(1) Les charbons issus des boues de station d'épuration (SC) ont été utilisés en

tant que support de catalyseur a b ase d'oxyde de fer (FESC). Dans cette étude, les



modifications ¢ himiques intervenant au cours de 1a préparation des catalyseurs p ar
pyrolyse ont €té suivies par analyse thermique couplée a 1’infrarouge (TGA-FTIR).
Les cat alyseurs ont é té¢ caractérisés en termes d e co mposition él émentaire pour la
fraction inorganique (cendres), DRX, MEB-EDXet X PS.L esr ésultatsd e
caractérisation ont montré, aprés imprégnation du fer, l'existence d’une phase Fe3O4
presque uniformément réparti sur le support SC. L'activité catalytique du catalyseur
FeSC a été évaluée dans la décoloration et la minéralisation de 'orange acide II (AOII)
en présence d e peroxyde d’ hydrogéne (H202). Il a été d émontré que 1 e catalyseur
FeSC, obtenu par pyrolyse a 800°C pendant 2 h présente 1’efficacité la plus élevée
dans la décoloration de I’AOII. L’utilisation de 2,0 g L' de catalyseur, 15,0 mM de
H20:2 et 100 mg L' de I’AOII permet d’atteindre une décoloration quasi compléte et
une minéralisation de 1’ordre de 74 % aprés 1 h d’adsorption puis 2 h de réaction
(Procédé d’oxydation Fenton hétérogene). Seulement 0,37 mg L' de fer a été détecté
dans le filtrata la fin de laréaction. L 'efficacité de ce type de catalyseur dans la
décoloration de I’AOII peut étre maintenue a 94% environ aprés 600 min d'essai en
continu dans un réacteur membranaire intégré mettant en ce uvre l e procédé F enton
hétérogene. Ce résultat indique que le c atalyseur FeSC présente a la fois une tres
bonne activité catalytique et une grande stabilité a long terme.

Le catalyseur FeSC présente de meilleures performances dans la décoloration de
I’AOII que certains oxydes de fer commerciaux tels que a-Fe203, Fe304 et y-FeOOH,
et que le catalyseur supporté sur charbon préparé a partir de sciure de bois (FeWC). 11
aétéconcluque la teneur é levée en composants i norganiques dans les b oues de
station d'épuration avait un impact majeur sur l'activité catalytique du catalyseur FeSC.
Pour mieux analyser l'effet co-catalytique de ces co mposants inorganiques d ans les
boues de station d'épuration, les composés inorganiques ont été ¢liminés des boues de
station d'épuration préalablement a | ’introduction du f er. Une nouvelle séried e
catalyseurs a ensuite été p réparée par a ddition de feroue ncore de silice e t/ou
d'alumine. Il a ét¢ observé que I'¢limination de la fraction inorganique des boues de
station d ’épuration ( cendres) s ’accompagnait d *une di minution not able de 1'activité

catalytique des catalyseurs contenant du fer. L'ajout de SiO2 favorise 1'augmentation



de l'activité catalytique du fait de la possible formation de liaisons hydrogéne entre
H202 et les pontss iloxane du supportd ec atalyseur et del ’existence d’ un
micro-environnement acide, favorable a la réaction, a proximité de la surface de la
phase d e silice. L’introduction d’alumine dans1es b oues de s tation d'épuration se
traduit p ar l a présence ala surface du catalyseur d e sites b asiques p ermettant de
faciliter la dégradation de H202, alors que I'acidit¢ de Lewis de 1'alumine p ermettra

quant a elle d’accélérer la réduction de Fe** en Fe** par le peroxyde d’hydrogéne.

(2) L esp erformances d ucat alyseur co mposite F €304 supporté s ur SC
(Fe304/SC)da ns [I’Oxydation enV oie H umide C atalytique (OVHC)d u
2-chlorophénol ( 2-CP) ont été év aluées. Lorsque 1a réaction est mise en ceuvre en
réacteur au toclave ( discontinu) a 120°C et sous 0,9 M Pa de pression p artielle
d'oxygene (50 bars de pression totale), une décomposition presque compléte du 2-CP
est obtenue en 5 heures, alors qu’une conversion de 90% du Carbone Organique Total
(COT) est atteinte apres 24 heures de réaction. L 'énergie d'activation de la réaction
d’Oxydation en Voie Humide Catalytique du 2-chlorophénol est abaissée de 140 kJ
mole™! 4 50 kJ mol! en présence du catalyseur Fe304/SC, confirmant tout I’intérét du
procédé d’OVHC par rapport au procédé thermique. Toutefois, une corrélation quasi
linéaire a été observée entre le pH du mélange réactionnel, la quantité de fer lixivié
dans la solution et la conversion du 2-CP a un temps de réaction donné. Sans contrdle
du pH au cours de la réaction, 30 ppm de fer sont détectés dans la phase liquide a la
fin de la réaction. Lorsqu’un tampon acétate (pH = 4,5) est ajouté dans le réacteur des
le d émarrage d e l a r éaction, 1 a lixiviation du f er pe ut € tre maintenue a un ni veau
inférieur a2 1 ppm, tout en préservant I’activité du catalyseur. L es intermédiaires de
réaction générésl orsd e 'OVHCd u 2-CP surl ec atalyseur F e304/SC sont
principalement des composés aromatiques et des acides carboxyliques de faible poids
moléculaire, t els q ue le 4 -chloroesoreinol, 2 -chlorohydroquinone, 1 ¢ catéchol,
I'hydroquinone, 1'acide maléique, 1'acide succinique, 1'acide formique, I'acide oxalique

et 1'acide c hlorhydrique. E nfin, & partir de tous1es pr oduits i dentifiés, un schéma



réactionnel simplifié¢ de la dégradation du 2-CP par OVHC sur FeSC a pu étre proposé.
Dans une premiére étape, la molécule de 2-CP est principalement d échlorée avec la
production a la fois d’ intermédiaires ar omatiques et de HCIL. L a molécule de 2-CP
peut ¢ galement étre partiellement oxydé e a vant dé chloration avec pr oduction
intermédiairement de composés aromatiques chlorés partiellement oxydés. Par la suite,
I'oxydation des intermédiaires aromatiques procede par une ouverture de cycle avec la
production d’ acides car boxyliques a ch aine co urte. E nfin, to us le s in termédiaires

oxydés sont progressivement convertis en CO2 et H20.

(3) Un nouveau c atalyseur (Mn-g-C3N4) a base de nanoparticules de Mn203
(NPs) supportées su r nitrure de c arbone gr aphitique aét és ynthétis¢é par
polycondensation a température é¢levée. Le charbon actif préparé a partir de boues de
station d’épuration (SBAC), qui présente une grande surface spécifique, a ensuite été
utilis¢é comme support pour ce nouveau catalyseur Mn-g-C3N4, permettant ainsi de
préparer un catalyseur composite (Mn-g-C3N4 / SBAC). Les résultats de diffraction
des rayons X, F TIR, SEM-EDX ainsi que la c artographie et 1a caractérisation par
microscopie ¢l ectronique en t ransmission ( TEM) ont révélé que 1 e catalyseur
Mn-g-C3N4 présente une structure de type graphite constituée d'unité triazine comme
brique de c onstruction ¢élémentaire. L e manganése ap parait p rincipalement sous I a
forme de nanoparticules de Mn203 a la surface du support g-C3Na, riche en électrons.
L'ozonation c atalytique d 'une solution a ntibiotique de sulfaméthoxazole (SMZ) en
présence d u catalyseur Mn -g-C3N4 a ¢ té étudiée d ans u n r éacteur discontinu a
l'échelle du laboratoire. Les résultats ont montré que 1'ajout du catalyseur Mn-g-C3 N4
dans 1 e réacteur d 'ozonation p ermettait d ’accélérer grandementl av itesse de
dégradation de la SMZ. Lorsque la vitesse d'agitation est fixée a 750 tours par minute
et que la dose d'ozone dans le gaz d'entrée est maintenue constante 3 0,4 mg min’!
pendant toute 1'expérience, le rendement d'élimination de la SMZ (50 mg L) aprés 30
minutes d’adsorption puis 1h d'oxydation, passe 62 4 95% en présence de 1 gL' du

catalyseur Mn-g-C3Na.



Cette étude a p ar ailleurs montré que 1a préparation du catalyseur ¢ omposite
Mn-g-C3N4/SBAC par la méthode de réaction a I'état solide permettait d’obtenir une
dispersion uniforme de Mn-g-C3Na4 dans la structure du charbon préparé a p artir de
boues de s tations d’ épuration ( SBAC). L a dé gradation de S MZ e n ut ilisant le
catalyseur ¢ omposite Mn-g-C3N4/SBAC peut ét re d écritd e m ani¢re t outa f ait
satisfaisante par le modele de L angmuir-Hinshelwood. Sur la base de la vitesse de
réaction mesurée a faible taux de conversion, la charge optimale en Mn-g-C3N4 dans
le cat alyseur co mposite a ét é estimée a 30%. L 'activité c atalytique du ¢ atalyseur
composite Mn-g-C3N4/SBAC est environ 1,6 f ois supérieure a celle du catalyseur
Mn-g-C3N4 non supporté, indiquant le r6le prépondérant du support SBAC dans la
réaction d 'ozonation del a sulfaméthoxazole. L e cat alyseur co mposite p résente
¢galement une trés bonne résistance a | *oxydation, sans lixiviation significative du
mangangse ainsi qu’une bonne stabilité puisque l'activité reste constante apres quatre

essais consécutifs.

Mots cl ¢ : Charbons issus de boues de station d’ épuration, Catalyseurs co mposites,

Oxydation avancée, Polluants organiques






Abstract

The disposal of sewage sludge becomes an issue of particular concern due to its continuous increase
quantity. Compared with the traditional methods of sewage sludge disposal, such as ocean dumpling,
landfilling and incineration, pyr olysis c ould be considered as an e conomically feasible and eco-
friendly route. Sludge derived carbons (SC) produced upon pyr olysis of sewage sludge have been
used as adsorbents for organic pollutants and heavy metals in wastewater treatment area, however it
is not efficient for long-term application since the sewage sludge-based activated carbon (SBAC) will
be saturated with adsorbing molecules. Using SC to prepare some composite materials and use them
as catalysts in advanced oxidation processes (AOPs) can offset the limitation of SBAC. Furthermore,
since SC is an inorganic—carbon alloyed mixture, it should have some special behaviors compared
with other commonly used supports. This situation encouraged us to employ the SC as the support of
composite catalysts and investigate their potential to catalytic oxidation of organic contaminants in

water. The main work and achievements in this thesis are as follows:

(1) Sewage sludge derived carbon (SC) was employed as the support of iron oxide containing catalyst
(FeSC). The chemical changes during the preparation of catalysts by pyrolysis were monitored upon
TGA-FTIR study. The catalysts were characterized in terms o f inorganic e lemental c omposition,
XRD, SEM-EDX and XPS. The characterization results revealed the impregnated iron was existed
as Fe304 in the FeSC catalyst and almost uni formly distributed on t he SC support. T he catalytic
activity of FeSC was evaluated from the discoloration and mineralization of acid orange II (AOII) in
the presence of H20:z. It was found that the FeSC catalyst, which was pyrolyzed at 800°C for 2 h,
displayed the highest discoloration efficiency. Using 2.0 g/L catalyst, 15.0 mM H202, 100 mg/L AOII
and an initial pH 4.0, almost complete discoloration and 74 % mineralization were achieved after 1 h
adsorption and 2 h he terogeneous Fenton-like oxidation. And only 0.37 mg/L iron was detected in
the filtrate at the end of the reaction. The discoloration efficiency could be kept around 94% after 600
min test in an integrated membrane-heterogeneous Fenton-like catalytic continuous reactor (MHFR),
It indicates that FeSC presents both a high catalytic activity and a long-term stability.

FeSC exhibited better performance in discoloration of AOII than some commercial iron oxides such
as a-Fex03, Fe304, y-FeOOH, a nd w ood s awdust-based ¢ arbon s upported i ron oxi de c atalyst
(FeWC). The high inorganic components content of sewage sludge was concluded to have strong
correlations with the high catalytic activity of FeSC. To further interpret the co-catalytic effect of

inorganic components in sewage sludge, the inorganic components were removed from the sewage



sludge and then a series of catalysts were prepared by the addition of iron, as well as silica and/or
alumina to the sewage sludge free of the inorganic components. [t was found that the removal of
inorganic f raction r emarkably d ecreased th e c atalytic a ctivity o f iro n-containing c atalyst. The
insertion of SiOz favors the increase in catalytic activity due to the formation of both hydrogen bonds
between H20:2 and siloxane bridges and the acidic microenvironment near the surface of silica phase.
While the addition of Al2O3 in sewage sludge as basic sites can facilitate the degradation of H20z,
and the characteristic of Lewis acidity of alumina can accelerate the reduction of Fe** to Fe?" by

H20o.

(2) The performances of the Fe3O4 and SC composite catalyst (Fe304/SC) in the Catalytic Wet Air
Oxidation (CWAO) of 2-chlorophenol (2-CP) was assessed. When a batch reaction operated at 120°C
under 0.9 MPa oxygen partial pressure (50 bar total pressure), an almost complete decomposition of
2-CP was achieved within 5 hours, and 90% Total Organic Carbon (TOC) abatement was obtained
after 24 hour s of reaction. The activation energy for the CWAO of 2-CP was decreased from 140
kJ/mol to 50 kJ /mol by using F e304/SC catalyst, indicating the advantage of the CWAOQO process
compared with the thermal process. Quite a straight correlation was observed between the pH of the
reaction mixture, the amount of iron leached in the solution and the 2-CP conversion ata given
reaction time. Without controlling the pH during the reaction, 30 ppm iron could be detected in the
liquid phase at the end of the reaction. When the acetate buffer (pH = 4.5) was added into the reactor,
the iron leaching could be kept lower than 1 ppm while keeping some catalytic activity. The reaction
intermediates generated upon CWAO of 2-CP over the Fe304/SC catalyst were mainly some aromatic
compounds and low molecular w eight a cids, such as 4 -chloroesoreinol, 2 -chlorohydroquinone,
catechol, hydroquinone, maleic acid, succinic acid, formic acid, oxalic acid and hydrochloric acid.
Finally, from all the identified reaction products, the reaction pathway for the degradation of 2-CP
upon C WAO over FeSC was proposed: In the first step, the 2-CP molecule w as pr edominantly
dechlorinated and both dechlorinated a romatic i ntermediates and H Cl were produced. T he 2 -CP
molecule might also be partly oxidized before dechlorination occurs and partly-oxidized chlorinated
aromatic intermediates were generated. Further oxidation of the aromatic intermediates led to ring
opening and short chain carboxylic acids were formed. At last, all oxidized intermediates gradually

converted into CO2 and H20.

(3) A novel Mn203 nanoparticles (NPs) loaded graphitic carbon nitride catalyst (M n-g-C3N4) was
synthesized though a polycondensation process under elevated temperatures. And then the sewage

sludge-based activated carbon (SBAC) with large surface area was used as t he support for Mn-g-



C3N4 to prepare co mposite catalyst (Mn-g-C3N4/SBAC). The results o f XR D, F TIR, SEM-EDX
mapping and TEM characterization revealed that the synthesized Mg-g-C3Na4 presented a graphitic-
like structure with the triazine unit as the primary building block. The loaded Mn compound doped
in the electron-rich g-C3N4 mainly as Mn203 nano particals. The catalytic ozonation of the antibiotic
sulfamethoxazole (S MZ) s olution i n t he p resence o f Mn -g-C3N4 catalyst w as i nvestigated in a
laboratory scale batch reactor. The results indicated that adding Mn-g-C3Na catalyst into the ozonation
reactor could greatly accelerate the rate of SMZ degradation. When the agitation speed was fixed at
750 rpm, and the dose of ozone in the inlet gas was controlled constant at 0.4 mg/min throughout the
experiment, after adsorption for 30 min and oxidation for 1 h, the removal efficiency of 50 mg/L SMZ
could increase from 61.6% to 95.1% by using 1 g/L. Mn-g-C3N4 catalyst.

The study showed that the Mn-g-CsN4+/SBAC composite catalyst prepared by s olid-state r eaction
method c ould result in the uni form di spersion of M n-g-C3sN4 on t he framework o f SBAC. The
degradation of SMZ by us ing M n-g-C3N4/SBAC ¢ omposite catalyst fitted w ell with Langmuir-
Hinshelwood model. C onsidering the r eaction r ate and the utilization of 1oaded Mn-g-C3N4, the
optimal content of Mn-g-C3Na4 was decided to be 30%. The catalytic activity of the composite catalyst
was about 1.6 times compared with the no supported Mn-g-C3N4 catalyst, indicating the positive trend
by employing SBAC as support for ozonation catalyst. The composite catalyst also exhibited very
good inoxidability, limited Mn leaching and good stability since the activity almost remained constant

over four consecutive runs.

Keywords: Sewage s ludge-derived ¢ arbon, Composite catalyst, A dvance oxi dation, O rganic

contaminants.
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Introduction

Municipal sewage sludge are produced in huge quantity in conventional wastewater treatment plants.
In 2010 for instance, the total production of dry sewage sludge in the United States, the European
Union and China were ca. 8.2, 10.0 and 8.0 million tons, respectively. Furthermore, it is predicted
that the production of sludge all over the world will continue to rise with an annual increase of about
2 vol.% [1-3]. Several traditional methods of sewage sludge disposal, such as landfilling, farmland
application and i ncineration, remain t he m ajor di sposal outlets f or sewage sl udge. H owever,
landfilling has be en | imited by di minishing t he s upply of s uitable landfilling s ites. F armland
application has to deal with the low societal acceptance and the prevention of the accumulation of
toxic ¢ ompounds i n s oils a nd ve getation, su ch ash eavy metals. Andthe w idespread u se o f
incineration has been constrained by its high cost and poor public image. The limitations applied to
the traditional sludge disposal methods make the treatment o f sew age sludge an issue of serious
environmental concern, and has raised a high demand for more cost e ffective and e nvironmental
friendly routes to deal with residual sewage sludge [4,5].

It is known that sewage sludge is mainly a mixture of exhausted biomass generated in the aerobic or
anaerobic digestion of the organic contaminants in municipal sewage. In recent years, the resource
utilization of sewage sludge has attracted more and more attention and some new processes are being
developed, such a s s ewage s ludge ¢ omposting, pyr olysis a nd ga sification [6-8]. A mong t hem,
pyrolysis is considered as an interesting route since it is effective in reducing the volume of sludge
and producing useful end products [9].

Sludge derived carbons (SC) produced upon pyrolysis of sewage sludge have been used as adsorbents
for organic pollutants and heavy metals [10], however it is not efficient for long-term application
since the sewage sludge-based activated carbon (SBAC) will be saturated with adsorbing molecules.
On the other hand, using SC to prepare some composite materials to be implemented as catalysts in
advanced oxidation processes (AOPs) can offset the limitation of SBAC by combining adsorption-
oxidation processes. Furthermore, since SC is an inorganic-carbon alloyed mixture, it should have
some special behaviors compared with other commonly used supports. This situation encouraged us
to employ the SC as the support of composite catalysts and investigate their potential in the catalytic

oxidation of organic contaminants in water.



In this Ph.D. thesis, the catalytic behavior of the prepared SC based catalysts was investigated in three
kinds of typical oxidation reactions, including heterogeneous Fenton-like oxidation, catalytic wet air
oxidation and catalytic ozonation, which have been proved to be very effective for the treatment of
bio-recalcitrant organic compounds in wastewater. Acid orange II (AOII), 2-chlorophenol (2-CP) and

sulfamethoxazole (SMZ) were chosen as representative model target pollutants in our study.

The manuscript is subsequently organized as follows:

Chapter 1: the background of the research work and literatures survey.

Chapter 2: Sewage sludge-derived char (SC) was employed as the catalyst support for iron oxides.
The catalytic activity of the prepared catalysts in heterogeneous Fenton-like reaction was evaluated
from the discoloration and mineralization of acid orange II (AOII). The influence of different reaction
conditions w as i nvestigated. A nd t he ¢ atalytic m echanism for us ing t his k ind of F enton-like
composite catalyst was discussed.

Chapter 3: A sewage sludge derived carbon supported iron oxide catalyst (FeSC) was prepared and
used in catalytic wet air oxidation of 2-chlorophenol. The effects of heterogeneous and homogeneous
reactions on the 2-CP removal were investigated, and different attempts to prevent the iron leaching
were also tested.

Chapter 4: The sewage sludge-based activated carbon (SBAC) was used as the support for Mn203
nanoparticlels modified graphitic carbon nitride (Mn-g-C3N4) to prepare composite catalysts. T he
catalytic o zonation o f't he an tibiotic su Ifamethoxazole ( SMZ) so lution i n the p resence o ft hese
catalysts was carried out. The catalytic activity, antioxidant properties and catalytic stability were
investigated in detail.

Chapter 5: General conclusions
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Chapter 1
A review of the preparation and utilization

of sewage sludge derived materials

1.1 The production and disposal situation of sewage sludge

In recent decades, sewage sludge is produced in ever increasing amounts due to the rapid urbanization
and more stringent water quality standards. In 2010 for instance, the total production of dry sewage
sludge in the United States, the European Union and China were ca. 8.2, 10.0 and 8.0 million tons,
respectively. Furthermore, it is predicted that the production of sludge all over the world will continue
to rise with an annual increase of about 2 vol.%. Therefore, the disposal of sewage sludge is an issue
of serious environmental concern [1,2].

Sewage sludge is regarded as the residue produced from the wastewater treatment process. The main
type of sewage sludge including primary sludge (physical and/or chemical), the secondary sludge
(biological) and t he t ertiary s ludge ( additional t o s econdary, often n utrient r emoval) t reatment.
Among t hem, s econdary s ludge i s t he c ommonly oc curring form o f's ludge. I't is a m ixture of
exhausted biomass generated in the aerobic and anaerobic digestion, containing organic and inorganic
materials, s uch as p roteins, fats ( soap, oil, grease), urea, cel lulose, humic su bstances, n itrogen,
phosphoric acid, silica, iron, calcium oxide, alumina, magnesium oxide and potash [3,4].

The organisms in the fresh biosolids will be decomposed under natural conditions, resulting in the
production of harmful and smelly odor. Furthermore, because of the complexity of wastewater, the
generated sludge usually containing plenty of heavy metals such as zinc (Zn), copper (Cu), nickel
(Ni), cadmium (Cd), lead (Pb), mercury (Hg) and c hromium ( Cr). T he bacteria, viruses, organic
contaminants an d h eavy m etals p resented in the sew age sludge h ave so me p otential to lead to
significant environmental impacts, including public health risks and the possibility of contamination
of atmosphere, soil and water resources [5,6]. Therefore, the safe and economic disposal of sewage

sludge has become the most concerning problem in the wastewater treatment process



1.2. Common disposal strategies for sewage sludge

1.2.1. Landfill

Landfilling is always the most frequently chosen disposal method for sewage sludge in EU and the
US from the 1960 s [7]. However, since the moisture content of dewatered sewage sludge is around
80%, which is much higher than the 30% deyness requirement given by the Environmental Protection
Department ( EPD). W hen t he se wage sl udge i s co-disposed w ith o ther solid waste ( including
municipal solid waste and construction waste, instability of landfill slopes may occur. Furthermore,
the generation of excessive leachate and its potential for the surface water contaminate were also
concerned. The increasing amount of sewage sludge and diminishing supply of suitable landfill sites

indicate the sludge disposal by landfilling is not always a feasible option [8].

1.2.2. Agricultural reuse

Since the sewage s ludge contains nitrogen and phosphorous, w hich give it the unique fertilizing
benefits. It is truly that the agricultural use has become the principal disposal method for sewage
sludge until last decade [9]. Roiget..al [10] found that use the sewage sludge as an agricultural
fertilizer could increase the organic matter content, the soil nitrogen, and the microbial activity of the
soil. However, except for the nutrient elements, sludge also contain various other elements, such as
heavy m etals, organic p esticide, polychlorinated b iphenyls ( PCBs), pol ycyclic a romatic
hydrocarbons (PAHs), may cause soil pollutant and accumulate in human tissues through the food-
chain. Resulted from these obstacles, the reuse of sewage sludge for agricultural purposes has been

limited by the imposition of legislation in many countries recent years.

1.2.3. Incineration

Incineration is the most attractive disposal method that involves the firing of sewage sludge at high
temperatures (8 00-900°C) in an enclosed structure. This sludge disposal option can achieve large
reduction of sludge volume (ca. 20%). Since many urban sewage plants produce large volumes of
sludge every day, and have limited available space for sludge management. They are likely to choose
incineration as the most viable option [11,12]. So far, there are approximately 170 sewage sludge
incineration plants in the United States. However, some environmental and health problems may

eliminated from sludge incineration during destroy of pathogens and toxic organic chemicals. The air
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emissions from incineration are un-desirable and restricted since it usually contain plenty of carbon
dioxide ( CO2), s ulfur dioxide ( SO2), ni trogen oxi des( NOx)a nda c¢ ertaina mount of

Polychlorinated dibenzo-p-dioxins (PCDDs). T he significant q uantities o f ash a re co nsidered as
highly toxic because of its heavy metal content [13]. Moreover, the operation fee is about 210-310 €
per tonne of dry solids [14]. Because of these technical and social obstacles, the application of sewage

sludge incineration is hampered.

1.3. Resource utilization of sewage sludge

From the point of economic and environmental e valuation, traditional disposal routes for sew age
sludge have many disadvantages and shortages. Thus, the development of more cost effective and
environmentally benign alternative methods is imperative. During the last decades, many resource
utilization of sewage sludge have attracted significant scientific interest, including land application,
use as a construction material, use as an alternative fuel source and resource recovery from sewage
sludge using the other emerging technologies.

As mentioned in last section, the application of raw (untreated) sludge is banned, or in the process of
being banned, in most countries. Sewage sludge is rich in organic matter, nitrogen and phosphorus,
resulting in the large manurial and soil-forming value [15]. Nowadays, the most preferred method of
neutralization of sewage sludge is composting [16]. The process of composting is very complicated.
At the beginning, the sludge is mixed with sources of carbon contain cellulose (ie. wood c hips,
sawdust, leaf litter). After bacteria digest for enough time. the pathogenic organisms are destroyed,
organic matter was stabilized and the moisture content decreased. A fter composting, the resulting
digested solids are allowed to be safely applied to land used as soil amendment materials or fertilizers
[17,18].

The most co mmon industrial ap plication o f t he d ewatered sl udge or i ts i ncineration ash isthe
utilization as an addition to construction or building material including brick [19-21], cement-like
materials [22-24] and cer amsite [25-27]. T he pr ospective be nefits of t his technology i1 nclude
immobilizing heavy metals in the fired matrix, oxidizing organic matter, destroying any pathogens
during the firing process and producing useful materials [28,29]. It is considered as a win-win solution
for the disposal problem since it can reduce the volume of sludge in significant quantity and convert
the wastes into valuable industrial materials.

It is estimated that there are about 80% organic matters in sewage sludge, which can be changed into
the form o f renewable energy such as solid fuel or biogas. The most popular practice of energy

recovery from sewage sludge is produce biogas via anaerobic digestion [30]. The generated biogas
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can be used for power and heating, thereby reducing the use of fossil fuels. In recent years, some new
technologies w ith hi gh e fficiency s uch a s pyr olysis a nd gasification of s ewage s ludgearein
development. T hese p rocesses can p roduce b io-fuels v ery fast and minimize the e nvironmental
impacts at the same time. These thermal technologies can offer some alternative trends to the sewage
sludge disposal. Among these technologies, pyrolysis is considered as the most promising way for

the beneficial utilization of sewage sludge in recent years [31,32].

1.4. Pyrolysis of sewage sludge

Pyrolysis is the process of thermal degradation of organic substances in an inert atmosphere, with the
temperature range from 300°C to 900°C, and consequently results in the conversion of sewage sludge
into water vapours, combustible gases, bio-oil and fixed carbon [33,34]. Pyrolysis is considered to be
less pol lutant a nd more e nvironmental f riendly, ¢ ompared t o ¢ onventional ¢ ombustion a nd
incineration, since the gas emissions are clean and the heavy metals can be concentrated in a solid
carbonaceous residue to prevent from leaching [35,36].

The products after pyrolysis process of the sludge present as the following form: (i) the liquid fraction
(tar or oil), which contains carbonyl compounds of high molecular weight phenols, methanol, acetone
and organic acids; (ii) the gaseous fraction (non-condensable gases), which mainly consists hydrogen,
carbon dioxide, carbon monoxide, methane and some other low molecular weight hydrocarbons; (iii)

the solid fraction, which is a mixture with carbon and ash [37,38].

1.4.1. Liquid products

A majority of organic compounds can be transferred into oily matters by a series of reactions, such
as decomposition, dehydrogenation and condensation. In general, the liquid products produced from
pyrolysis t reatment us ually consists hydr ocarbons, or ganic acids, carbonyl c ompounds, phe nols,
aromatic compounds, aliphatic alcohols and water [39].

Many researchers have focused on how to increase the yield of oil during pyrolysis.

Shen and Zhang et al. [40] investigated influence of temperature and gas residence time on the oil
yield under inert conditions in a fluidised-bed. The results reveal that the oil yield increases with
temperature and the residence time. The maximum oil yield (30%) can be achieved at the temperature
of 525°C and gas residence time 1.5 s. Fonts et al [41] carried out the pyrolysis of sewage sludge in
a fluidized bed, and found that the liquid (oil) yield was mainly influenced by the bed temperature
and the nitrogen flow rate. The maximum liquid yield was achieved at around 540°C and 4.5 L(NTP)
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min! of nitrogen. And Inguanzo et al. [42] found that the heating rate was very important for the
yield of liquid fraction at low final pyrolysis temperatures. When the pyrolysis temperature is under
650°C, the higher heating rate will generate larger amount of gases and liquids

Furthermore, it is found that the addition of catalysts during the pyrolysis could increase the yield and
quality of liquid products. The usage of catalyst could reduce pyrolysis time and reaction temperature,
and control the distribution range o f pyrolysis products [43]. Shie and Lin [44] investigated the
pyrolysis of sewage sludge with the sodium and potassium compounds catalysts from 650-710 K. It
appears that the addition of catalysts could result in the improvement of the quality of pyrolysis oil
in the order of KOH>KCI>K2CO3>NaOH>Na2CO3>NaCl>no additives. And the additives improve
the oil yields in the order of KCI>Na2CO3>NaCl> no additives >NaOH>K2CO3>KOH.

However, the low temperature sludge pyrolysis technology merely requires the water ratio of dry
basis is below 5% before thermal treatment, which may consume too much energy. On the other hand,
the method of direct thermochemical liquefaction occurs in the liquid phase. Thus, the raw sludge
can be used directly. Nowadays, many attentions have been paid on the technology of sludge direct
thermochemical liquefaction [45]. Suzuki et al. [46] studied the bio-oil yield rate of various kinds of
sewage sludge. The average oil yields of these sludges reached as high as 4 3%. Furthermore, they
found that the inorganic components in sewage sludge could catalytic the oil production satisfactorily.
Furthermore, some polycyclic aromatic hydrocarbons (PAHs), substituted aromatics containing N, S,
Cl, and aromatic nitriles w ere d etected in the oil pr oduced from s ludge pyr olysis [47]. F urther
separation and purification is necessary before practical application of the bio-oil. Compared with
fossil fuel, the economic advantage of this bio-oil producing method is not obviously. But from the
point of environmental pr otection a nd s ustainable de velopment, t hist echnology ha s gr eat

developmental potential and broad application prospect.

1.4.2. Gasses products

The gas generated from pyrolysis has the potential to be used as fuel gases, since the gas presences
high heating value (ranges between 12,000 and 200,000 kJ/m?) [48]. The yield and composition of
the ga s w ill be influenced by the pyr olysis pr ocess ¢ onditions. C onesae tal. [49] usedt he
thermogravimetry/mass spectrometry (TG/MS) to monitor the mass loss and the evolution profiles of
the thermal decomposition products generated during thermal treatment of sewage sludge digested
anaerobically an d aer obically. H igh quantities of ga ses were pr oduced, w hich ¢ onsisted with
hydrogen, water, saturated and unsaturated hydrocarbons (Ci-Cs), methanol, chloromethane, carbon

dioxide and acetic acid. According to the published literatures, the main components of the gaseous
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released during sewage sludge pyrolysis include Many studies [50,51] confirm that H2, CO, CO2,
CHa, and some light hydrocarbons (C2Hz2, C2Ha, C2Hs and C3Hs).

1.4.3. Solid products

The solid product generated from the pyrolysis of sewage sludge is a carbonaceous material known
as pyrolytic char. The physical and chemical properties of the biochar are influenced by the character
of raw sewage sludge, the operating conditions such as p yrolysis temperature, residence time and
heating rate [52-54].

The quality of the obtained biochar can be changed during the pyrolysis procedure according to the
end purpose. If the sewage sludge based biochar is used as a soil amendment, then the nutrients and
heavy metals content in materials and leaching potential are important factors [55,56]. If the biochar
is intended to be used as a adsorbent material to remove organic or inorganic contaminants in liquid
or gas phase, then the surface area, pore size distribution, surface functional groups and hydraulic

conductivity of the biochar will be important for adsorption performance [57-59].

1.5. Application of sewage sludge derived char

Since the p yrolytic ¢ har produced by pyrolysis of sewage sludge presents hi gh a sh ¢ ontent and
relatively low heating value compared to that of the other biomass or fossil fuels. And high content
of heavy metals residues was identified in the sewage sludge char. Therefore, there is no too much
potential to exploit this kind of material as bio-fuels. On the other hand, the application of sludge-
based materials has been successfully reported for use as soil amendments, adsorbents for metal ions

and phenolic compounds.

1.5.1. Use as soil amendments

During pyr olysis m ost of t he m ineral nut rients a re ¢ oncentrated into t he b iochar fraction. The
characterization of char obtained from sewage sludge reveals that this kind of materials is free of
pathogens but rich in carbon and nutrient contents [60]. Hence soil application of sewage sludge
derived biochar is a convenient means of recycling those nutrients to agricultural lands.

In recent years, the application of sewage sludge derived biochar as soil amendment has received
increasing attention. It is found that use sludge derived char as soil amendment could increase long-

term nutrient retention of the soil, thereby reduced nutrient leaching, improving fertiliser utilisation
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efficiency, and enhancing crop production [61-63]. Hossain et al. [64] found that the using of sewage
sludge derived biochar produced at 5500C as soil amendment could increase the grown of cherry
tomato by 64%, and the soil properties were also improved. And the application of sludge derived
char to agricultural soils also can improve soil physical, chemical and biological conditions

Furthermore, the accumulation of heavy metals in the soil and crops is another important problem
correlated with the application of sewage sludge derived biochar. Méndez et al. [65] reported that
compared to the directly a gricultural reuse of raw sewage sludge, the use of its bio-char as soil
amendment could lower the leaching of Cu, Ni and Zn, as well as reduce the plant availability of Ni,
Zn, Cd and Pb. Rrecently Waqas et al. [66] reported that sewage sludge derived biochar produced at
550°C was effective in reducing the accumulation of As, Pb and Cu during the cultivation of gropes,
but the content of Cd and Zn in the plants were exceptional. Song et al. [67] revealed that proper
pyrolysis temperature choice could prevent the leaching of heavy metal and inhibited the heavy metal

accumulation in plants.

1.5.2. Use as absorbents

The conversion of sewage sludge into low cost adsorbents is considered as an interesting route to deal
with sewage sludge for it is effective in reducing its volume and producing useful end products.

The producing adsorbents from dried sewage sludge via pyrolysis, named as sewage sludge-based
adsorbents (SBAs), was first proposed by Kemmer et al. [68] at 1971. At the same year, Beeckmans
and Ng [69] prepared the biochar based absorbent with 14.1% carbon content from the pyrolysis of
sludge, and the adsorbing capacity of pyrolysate was between fly ash and activated coconut charcoal.
After these studies, a wealth of research on the production and application of SBAs has been carried
out in the subsequent years.

The p orosity an d su rface ar ea w ere co nsidered as t wo o f t he m ost i mportant characteristics of
adsorbents produced from sewage sludge. Generally, the studies indicated that the BET surface area
and p orosity o f sew age sl udge ch ars m ay b e af fected b y many factors, s uch as carbonisation
temperature, heating rates, dwell times, pyrolysis atmosphere [70,71]. Kojima et al. [71] investigated
the effect of carbonization temperature (773, 823 and 873K), carbonization time (20, 30, 60 and 90
min), heating rate (4, 7 and 11 K/s) on s pecific surface area of SBAs. The results showed that the
Sser of the SBAs decreased with the increasing of pyrolysis temperature. The heating rate didn’t
presence significant influence on the Sger of the SBAs. The SBAs formed after pyrolysised at 823 K
for 1 h with the heating rate at 3 K/s had the largest surface area for the micro pores as well as total

pores.
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According to the literatures, the highest and second highest BET surface areas achieved from the
carbonization of sewage sludge alone were 359 m?/g and 141 m?/g [72], which are relatively low
compared to commercial activated carbon. Different approaches have been used in order to obtain
SBAs with high surface area, including (i) acid washing to reduce the inorganic content of SBAs [73];
(i1) physical activation under the treatment of air, CO2, H2 or steam [74-76]; (iii) chemical activation
with the addition of activation reagents, such as ZnCl: [77,78], KOH [79-81], H2SO4 [82,83] and
H3PO4 [84].

In recent years, extensive research has been conducted on the use of SBAs to liquid phase organic
pollutants capture. It was revealed that the higher mesopore volume and BET surface area of the
SBAs are b eneficial for th e u ptake o f p ollutants w ith la rge m olecular si ze, such as dyes [86].
Investigates have been carried out on the uptake by SBAs of anionic and cationic dyes. Jindarom et
al. [87] ascribed the adsorption capacity of SBAs for dyes was influence by the chemical nature of
the dye. They observed that basic (cationic) dye was adsorbed in greater quantities than acid dye and
reactive dye on the SBAs produced by carbonization and CO2 activation. Otero et al. [88] proposed
that the high cationic dye uptake on SBAs was attributed to the negatively charged acidic functional
groups on the surface of SBAs.

On the other hand, the uptake of phenol and phenolic compounds attained by S BAs were mainly
connected with the high degree of microporosity [89], as well as its electronegativity and basic nature
[90,91]. The high concentration of hydrophilic carboxyl and hydroxyl groups on the surface of SBAs
is not beneficial for the uptake of phenol. Higher phenol uptakes c ould be achieved by i ncrease
alkalinity of SBAs via heating the adsorbents in ammonia [92].

Except for the uptake of organic contaminates, the SBAs were also used as adsorbents for the removal
of heavy metals in aqueous solutions, such as Cd*", Ni**, Pb**, Cu?*" and Zn?" [93,94]. Rio et al. [95]
investigated the Cu** ion uptake by commercial activated carbon (AC) and an SBA carbonized at
800°C. And 182 mg/g and 227 mg/g of Cu** uptake was achieved for AC and SBA respectively, even
though the SBA presented lower BET surface area (only 63 m*/g). Rio et al. further indicated that the
adsorption of Cu** on SBAs was mainly though an ion exchange mechanism with the Ca*" ions in
SBAs. A dditionally, Seredych er al. [96] proposed that Cu?" could also be uptake by t he cation
exchange with Mg and Zn. Martin et al. [97] found that the high content of functional groups, such
as carboxyl group and hydroxyl, were beneficial for the increasing of cation exchange capacity of the
SBAs.

As m entioned ab ove, most o ft he car bonaceous r esidue was u sed a s ad sorbents 1 n w astewater
treatment for the effective removal of dyes, phenol, metals and chemical oxygen demand (COD), and

adsorption pr operties o f w hich ¢ an be 1 mproved by ¢ hemical or ph ysical a ctivation s tages i f
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necessary. On the other hand, SBAs were also found to be very efficient media for removal of some
contaminants generated in pyrolysis or gasification, such as hydrogen sulfide, sulfur dioxide or nitric
oxides.

Bashkova et al. [98] investigated the adsorption of SOz on sewage sludge-derived materials. It was
found that the capacity of the adsorbents increases with increasing temperature of carbonization, and
the maxima adsorption capacity of SOz is 30 mg/g.

The development of adsorbent/catalyst from municipal wastewater sludge for H2S removal was firstly
proposed by Lu et al. [99,100]. They prepared SBAs from dewatered sewage sludge via chemical
activation by ZnCl2. The BET of surface area was 309 m?/g for the synthesized SBA. Although the
adsorption capacity of H2S on SBA is relatively low (about 25% as that of commercial activated
carbon), considering sewage sludge is a waste material in abundant supply at virtually no cost, the
application of SBAs still present the potential for odour control. Subsequent to these studies, Ros and
Bandosz et al. made great effects to investigate the influence of different factor on the performance
of SBAs for H2S adsorb. They found that the hydrogen sulfide reactive adsorption capacity increased
with an increase in pyrolysis temperature and holding time [101]. Furthermore, high BET surface
area [102], high hydrophilic [103], strong basicity [104] and the presence of mineral phases [79] are

considered to benefit for H2S adsorption.

1.5.3. Use as catalysts

During the study on H2S abatement, Bagreev et al. [105,106] found that the metallic oxides, such as
iron, zinc, and copper, carbonates of calcium and magnesium and other alkaline earth metal oxides
could favor the oxidation of hydrogen sulfide to elemental sulfur in moist air via the formation of HS
ions. They proposed this to be an adsorption/oxidation process. Furthermore, the Interactions between
SBA and NO: in most air were also investigated by Bandosz et al. The results revealed that the high
pyrolysis temperature could favor the physical adsorption of water. In the formed water film, nitrous
and n itric a cid co uld r eact w ith 1 norganic an d car bonaceous p hases in S BAs an d r esulting the
generation of nitrates and nitrite [107].

Compared with the large number of research on the application of sewage sludge derived char as
adsorbents in wastewater treatment area, scarcely study was carried out about employing the sewage
sludge derived char as catalyst or catalyst support. Zhang et al. [108] combined sew age sl udge
activated carbon with TiO2 and recovery of ionic mercury [Hg(I)] in the solution by photoreduction.
The optimum amount of SBA and TiO: for the photocatalytic reaction was 2.0 g/L and 0.4 g/L. This

is the earliest study about the application of SBA in catalytic reaction in solution. In this reaction, the
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role of SBA in this reaction is mainly played as support for TiOz particles attributed to the high surface
area of SBA (555 m*/g). However, the potential of SBA as catalyst was not investigated.

1.6. Objectives of the thesis

Municipal sewage sludge are produced in huge quantity in conventional wastewater treatment plants.
As aresult, the disposal of sewage sludge becomes a matter of great concern. Compared with the
traditional methods of sewage sludge disposal, such as ocean dumpling, landfilling and incineration,
pyrolysis could be considered as an economically feasible and eco-friendly route. Sludge derived
carbons (SC) produced upon pyrolysis of sewage sludge have been used as adsorbents for organic
pollutants and heavy metals abetment in liquid phase. However the sewage sludge-based activated
carbon ( SBAC) i s not e fficient f or | ong-term a pplication due t ot he s aturation adsorption o f
targeted pollutant molecules. On the other hand, using SC to prepare some composite materials and
employ them as catalysts in advanced oxidation processes (AOPs) can offset the limitation of SBAC.
Furthermore, since SC is an inorganic—carbon alloyed mixture, it should have some special behaviors
compared with other commonly used catalyst supports. Hence the main objectives of this thesis is to
synthesis a series of sewage sludge derived carbon composite materials, and investigate their potential

to be used as catalysts in AOPs.
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Chapter 2
Heterogeneous Fenton-like oxidation of Acid Orange 11

over sewage sludge-derived carbon-based catalysts

2.1. Introduction

It is k nown th at w ater-soluble o rganic dye s a re bi o-recalcitrant c ompounds e xisting ina wide
concentration range in effluents from the textile and photographic industries [ 1,2]. In the recent years,
extensive r esearch h asb een m ade t or emove t his k ind o f organic pol lutants. A mong t hose
technologies, F enton oxidation, in which hydrogen peroxide is used as oxidant and Fe(II) ions as
catalyst [3], has been proved to be very effective for the treatment of industrial wastewater containing
non-biodegradable organic dyes [4,5]. During recent decades, heterogeneous Fenton and Fenton-like
catalysts have attracted a great deal of interest as they exhibit wider applicable pH range and can
avoid the continuous loss of catalyst compared with the homogeneous Fenton process [6,7].

Iron oxides, such as hematite (a-Fe203), goethite (a-FeOOH), magnetite (Fe3Oa4), have been widely
studied as heterogeneous Fenton-like catalysts [8-10]. This kind of Fe-containing solids have been
studied in detail because of their physicochemical properties and relatively cheap production [11-12].
Compared with the other iron oxides, magnetite (Fe3O4) is the most commonly reported as a suitable
Fenton-like catalyst because of its high catalytic activity due to the existence of Fe?", and its stable
octahedral structure to prevent the iron leaching during oxidation reaction [13,14]. In recent years, it
is reported that the catalytic activity of magnetite could be improved by immobilizing them on solid
supports. Hu et al. [15] decorated nano Fe3O4 particles on multiwalled carbon nanotubes, and used
this kind of composite catalyst for the removal of trace artificial androgen 17 a-methyltestosterone
(MT) via Fenton-like reaction. The results showed that 85.9% of MT, with initial concentration of
212 pg/L, could be removed after 8 h reaction by using 2 g/L FesO4/MWCNTs catalyst. Furthermore,
this removal efficiency is about 20% higher than the same amount of bare Fe3O4 nanoparticles.
Many or ganic a nd i norganic m aterials ha ve been us ed a s t he s upport f or t he preparation of
heterogeneous F enton-like c atalyst. A mong t hose s upports, N afion m embrane [16,17], activated
carbon [18,19], silica [20,21], ALO3 [22,23], zeolite [24], clay [25] are commonly used. And in recent

years, some research has been carried out to explore the applications of solid waste as su pport of
23



heterogeneous F enton-like catalysts, such as co ffee used grounds [26], rice husk ash [27], fly ash
[28], red mud [29] and so on.

The solid residue formed during pyrolysis of sewage sludge is known as ‘sludge-derived char (SC)’
in the literatures [30,31]. M ost of them w ere used as adsorbents of dyes, phenol and metals in
wastewater treatment [32,33]. Recently, SC was employed as an emerging catalyst support in aqueous
and gaseous reactions. For example, Fu-Shen Zhang et al. [34] used sewage sludge carbon as t he
support of photocatalyst TiO2 for the removal and recovery of ionic mercury [Hg (II)] from water.
Ansari and Bandosz [35] prepared H2S adsorbents/catalysts by incorporating calcium oxide into the
dried sewage sludge and waste paper mixture-based carbonization material. However, there is no
report about using SC as the support of Fenton-like catalysts. Furthermore, since SC is an inorganic-
organic alloyed mixture, it should have some special behaviors compared with other commonly used
supports. T his s ituation e ncouraged us to i nvestigate t he pot ential of S C a st he s upport of
heterogeneous Fenton-like catalyst. And a representative azo dye, Acid Orange 11 (AOII), was used
as a model target pollutant in our study.

The objectives of this chapter were: (1) to synthesize and to characterize the sewage sludge-derived
carbon s upported iron o xide c atalyst (named as F eSC); (1) to investigate t he ef fects o f v arious
operating parameters on the activity of the FeSC catalysts; (iii) to evaluate the mineralization of Acid
Orange II (AOII), (iv) to compare the catalytic activity of FeSC with the other iron oxide catalysts
and (v) considering the high ash content of SC obtained after pyrolyzed at 800°C (70wt.% [36]), to

evaluate the co-catalytic effect of these inorganic components.

2.2. Experimental

2.2.1. Materials

Analytical grade o ff errous su Ifate ( FeSO4¢7H20), tetraethyl o rthosilicate (T EOS), a nhydrous
ethanol, hy drogen pe roxide s olution ( 30%, w/v), a luminumsulfate ( Al2(SO4)3), tit anium(iv)
oxysulfate ( H2O9S2Ti), a mmonium ferrous s ulfate ( (NH4)2SO4-FeSO4-6H20), s ilver s ulfate
(Ag2S04), pot assium di chromate ( K2Cr207), H2SO4 and N aOH w ere obt ained from G uangzhou
Chemical R eagent C ompany, C hina. A nalytical g rade o fF €203, Fe 304, F €OOH, M nO2 and
commercial a ctivated ¢ arbon pr epared f rom ¢ oconut hus k w ere obt ained f rom T ianjin K ermel
Chemical Reagent Co. Ltd., China. The AOII was a commercial dye (Hengrun Dyestuff Chemical
Co., Ltd., Guangzhou) and used without further purification. Some properties of AOII are shown in

Table 2-1 [37].
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Table 2-1. Physicochemical properties of Acid Orange II

Molecular
Molecular Chemical . Width Length Depth Amax  Solubility
weight a
structure Formula A) A) A) mm) (gL)
(g/mol)
HO _~
s
| . Ina Ci6HNO4SNa 350.32 7.3 13.6 2.3 484 11.4
ey - (100°C)

-

Dewatered sewage sludge was obtained on June 2010, from Lie De municipal wastewater treatment
plant in Guangzhou, China. Table 2-2 listed the chemical analysis results of the received sewage
sludge. Pine wood sawdust was washed thoroughly with deionized water before use. Commercial
activated carbon prepared from coconut husk was purchased from Tianjin Chemical R eagent Co.
Ltd., China. These three kinds of precursors were dried at 105 °C to constant weight, subsequently

ground and sifted through a 100-mesh sieve, and stored in a desiccator at room temperature.

Table 2-2. Analysis of sewage sludge sample

Proximate analysis Elemental analysis
Moisture (wt %) Ash (wt %) Volatiles (wt %) C (%) H (%) N (%) S (%)
84.4 44.6 56.2 22.9 4.0 4.4 0.7

Ash analysis (wt.%)

Si Al Fe P Ca K Mg Na
14.1 3.6 4.5 4.1 2.7 2.3 1.9 0.6
Ash analysis (mg/kg)

Zn Cu Pb Cr Cd Hg
825 147 40.7 45.1 2.4 4.5

2.2.2. Preparation of the catalysts

Two different methods were used to prepare the sewage sludge derived carbon supported iron oxide
catalysts:

One method is to prepare the sewage sludge-derived carbon supported iron oxide catalyst (named as
FeSC) by a “one-step method”, which combining the carbon synthesis with the Fe loading. At first,
20 g dried sludge were added into 150 mL of a ferrous sulfate solution (0.5 mol/L FeSO4, pH = 2.5).
After the suspension was stirred for 24 h, it was slowly evaporated in a rotary evaporator at 60°C

under reduced pressure, and then dried at 105°C for 12 h. Subsequently, the received solid w as
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pyrolyzed under flowing nitrogen (40 mL/min) in a horizontal furnace at 800°C for 2 h (heating rate:
20°C/min). The pyr olyzed s ample w as w ashed s everal t imes w ith de ionized w ater unt il t he
conductivity became constant in order to make sure there is no s oluble iron salts anymore on t he
catalyst surface. Then, the sample was dried at 105°C overnight and grinded to less than 200-mesh
size.

Another way was to synthesize the catalyst via a “two-step method”, where the carbonization of the
sewage sludge and the iron a ddition w ere processed s eparately. F irstly, 20 g dr ied s ludge w ere
pyrolyzed at 800°C (20°C/min) for 2 h i n flowing nitrogen (40 mL/min). The pyrolyzed char was
named as SC. The Fe addition to SC was carried out through the classical impregnation method. 20.8
g FeSO4'7H20 was dissolved in the minimum amount of water and then added dropwise to the SC
support. The sample was dried at 105°C overnight and finally treated in flowing N2 at 800°C for
another 2 h. It was then washed several times with deionized water, and dried overnight at 105°C and
ground to less than 200-mesh.

Furthermore, the wood sawdust-based carbon supported iron oxide catalyst (labeled as FeWC) was
also prepare via a “one step method” with the same procedure as Fe-SC, except that 20 g w ood
sawdust was mixed with 35 mL of FeSO4 solution (0.5 mol/L, pH = 2.5).

To remove the inorganic components in sewage sludge, some activated sludge mixed liquor was
obtained directly from the aeration tank of Lie De, and then was incubated for about two weeks in
laboratory till the ratio of volatile suspended solids (VSS) and total suspended solids (TSS) was over
85 %. Then some suspension was filtrated and dried. The obtained bacteria powder was suspended in
0.5 mol/L HCI solution for 12 h, subsequently filtrated and washed with deionized water several times
until the pH of the rinse water was about 6. The ash content of the resulted dry sludge (referred to as
SS-A) was 4.31 wt%. Then the SS-A was used as precursor for catalysts preparation. Various amounts
of Si02 and A2O3 were added to the precursor. The name of the catalysts and their preparation
conditions are listed in table 2-3. To synthesize SiO2-containing samples, fixed amounts of ethanol,
TEOS and SS-A were stirred and heated at 80 °C for 2 h, then the mixture was dried at 105 °C for 12
h, and ground to fine pow ders ( labeled as Si1SS-A). After that, gi ven a mounts of FeSOs or/and
Al2(SO4)3 solution were mixed with SiSS-A for 24 h, then dried and pyrolyzed as described above.
To evaluate the role of carbon phase, which generated from the carbonization of sewage sludge, in
the he terogeneous F enton-like c atalytic re action, F eAlSi c atalyst w as a Iso p repared w ithout th e

addition of any sewage sludge.
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Table 2-3. Preparation conditions for SC-A based catalysts.

Sample SS-A (g) TEOS (mmol)  Ethanol (mmol) Fe (mmol) Al (mmol) Fe/Si/Al
FeSC-A 2.5 0 0 3.60 0 1/0/0
SiSC-A 2.5 3.60 3.60 0 0 0/1/0
AISC-A 2.5 0 0 0 3.60 0/0/1
FeSiSC-A, 2.5 1.80 1.80 3.60 0 2/1/0
FeSiSC-A; 2.5 3.60 3.60 3.60 0 1/1/0
FeSiSC-As; 2.5 7.20 7.20 3.60 0 1/2/0
FeAISC-A, 2.5 0 0 3.60 1.80 2/0/1
FeAISC-A; 2.5 0 0 3.60 3.60 1/0/1
FeAlSiSC-A 2.5 3.60 3.60 3.60 3.60 /11
FeAlSi 0 3.60 3.60 3.60 3.60 1/1/1

2.2.3. Characterization of catalysts

The average particle size was obtained on MasterSizer 2000 Particle Size Analyzer. The ash contents
of catalysts were determined using a standard method according to ASTM D2866-94. The pH values
of isoelectric point (pHiep) were determined from electrophoretic mobility measurements using a zeta
potential analyzer (Zetasizer Nano ZS, Marlven). The specific surface area (Sser) was determined
with a n A utosorb-iQ-MP ga s s orption a nalyzer ( Quantachrome I nstruments, U SA) by ni trogen
adsorption at 77K. The chemical state of iron on catalysts were followed by X-ray diffraction (XRD)
using D/max 2200 vpc Diffratometer (Rigaku Corporation, Japan) with a Cu Ka radiation at 40 kV
and 30 mA. Scanning electron microscopy (SEM) images were recorded using a JEOL JSM-6330F-
mode F ield E mission S canning E lectron M icroscope e quipped w ith a n e nergy-dispersive X -ray
(EDX) detector (JED-2300). X-ray photoelectron spectroscopy (XPS) measurements were performed
using an ESCALAB 250, T hermo-VG S cientific (UK) sy stem, with A vantage so ftware for d ata
acquisition and analysis. An Al Ka monochromatized radiation operating at 15 kV (150 W) was used,
and the spectrometer, calibrated with reference to Au 4f7/2 (84.0 eV), Ag 3d5/2 (368.3 eV) and Cu
2p3/2 (932.6 e V), was operated in C AE mode with 20.0 e V pass energy. D ata acquisition w as
performed with a pressure lower then 10”7 Pa. Spectra analysis was performed using peak fitting with
XPS peak 4.1 and Shirley type background subtraction. Bulk iron, alumina and silica content of the
synthesized samples were measured by inductively coupled plasma optical emission sp ectrometry

(ICP-OES, optima 5300DV, Perkin-Elmer).
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2.2.4. Catalytic activity

All the batch experiments were carried out in a glass conical beaker (250ml) with a stopper shaken in
a thermostatic bath at an equivalent stirring velocity around 200 rpm at 30 °C. In each run, a given
amount of powder catalyst was added into 100 mL AOII solution. The solution pH was adjusted to
4.0 + 0.1 with NaOH and H2SO4 during the experiments. The samples for determination of adsorption
kinetics were taken at predetermined time intervals and were analyzed immediately after filtration
through 0. 22 pum M illipore m embrane f ilters to remove su spended p articles. A ftert he
adsorption/desorption equilibrium was established in 60 min, 60 mL suspension was used for Fenton-
like reaction and initiated by adding 15mM H2O:z to the solution. Samples were withdrawn at a given
time interval during the reaction and immediately analyzed after filtration. Each ex periment w as
repeated t hrice, the d ata p oints r epresent t he a verage v alue and error bars indicate th e s tandard
deviation.

To investigate the lifetime of catalysts, a co ntinuous catalytic oxidation was conducted in a novel
integrated membrane-heterogeneous Fenton-like catalytic continuous reactor (MFR) designed by our
laboratory. As shownin Fig. 2-1, the MF R consists o f a r eaction tank, a su bmerged membrane
module, a liquid feed system, an effluent collecting system, and an air bubbling system. The reaction
tank was made of pol ymethylmethacrylate (PMMA). An Al2O3 ceramic membrane with the bore
diameter of 3um was used in the submerged membrane module. Before reaction, 2.4 L AOII solution
(100 mg/L), 4.8 g catalyst and 36 mmol H20:2 (30 % w/v) were added into the reaction tank. At the
same t ime, two pumps s tartt o s upply A OII (100 m g/L) and H202 (1.02 % w/v)tothetank
continuously. Their flow rate was control to be 20 mL/min and 1 mL/min respectively. And the third
pump was used to control the flux speed of the effluent from the reactor. The hydraulic residence
time was controlled to be 120 min. The air flow rate was kept at 5 L/min to hydraulically suspend the
catalyst particles and to clean the membrane surface by the shear force of air bubble. All experiments

were conducted at ambient temperature (23°C), and the pH was kept at 4.0+0.1 during the reaction.

2.2.5. Analytical methods

The pH of AOII solution was measured with a PHS-3C pH meter (Rex Instrument Factory, Shanghai,
China). T he ¢ oncentration of A OIl w as a nalyzed on U V-vis s pectrophotometer (U V-3150,
Shimadzu) with maximum absorbance at 484 nm. H2O2 was analyzed spectrophotometrically by the
titanium su lfate m ethod. T he 1 eaching co ncentration of F ei1nt he solution w as measured by

inductively coupled pl asma opt ical e mission s pectrometry ( ICP-OES, opt ima 53 00DV, Perkin-
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Elmer). The total organic carbon (TOC) of the reaction solution was measured by a TOC analyzer

(Shimadzu, Japan).

Membrane module

Pump

AOIl  Air pump H0, Effluent

Fig. 2-1. Schematic diagram of the submerged MHFR reactor.

2.3. Results and discussion

2.3.1. Thermal analysis of sewage sludge upon pyrolysis

In order to characterize the chemical changes which take place during the pyrolysis process, a TGA-
FTIR study was performed. The TG curves of SS and Fe-SS are shown in Fig. 2-2. A larger mass loss
was observed on the TG curve of Fe-SS between 470 °C and 600 °C compared with that of SS. The
mass loss of SS and Fe-SS ended at 550 and 600 °C, respectively. As shown on the three-dimensional
(3D) diagrams obtained upon the pyrolysis of SS and Fe-SS (Fig.2-3A1 and B1), more visible peaks
appeared in the 3D diagram of Fe-SS compared to SS, especially in the temperature range from 470°C
to 600°C.

According to Fig. 2-3A1, Three main kind of volatile compounds were generated during the thermal
treatment: H20 (bending and s tretching vibrations at 1350-1700 cm™ and 3500-3700 cm™), CO2
(asymmetric stretching mode at 2250-2392 ¢cm™') and C-Hn (asymmetric vibration of the methylene
group at 2250-2392 cm™!). While on Fig. 2-3B1, in addition to the three main products mentioned
above, some extra SOz (asymmetric stretching vibration at 1300-1420 cm™) is observed in the 3D

diagram corresponding to FeSS.
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Fig. 2-2. TG and DTG curves of SS and Fe-SS (heating rate: 20°C/min, nitrogen flow rate: 40

mL/min).

To go further, the evolution versus temperature of the intensity of the bands associated to CO2 (2359
cm™), SO2 (1375 em™), C-Hn (2933 cm!) and H20 (1508 cm™) were plotted on Fig. 2-3A2 and B2.
Differences in the evolution of these bands between the two samples can clearly be observed. The
amount of CO2 evolved from FeSS is much higher than that of SS. The evolution of SOz from FeSS
is also much better defined and ends around 600°C on Fig. 2-3B2.
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Fig. 2-3. 3D diagrams corresponding to the gases evolved from SS (A1) and Fe-SS (B1). Evolution
versus temperature of the bands characteristic of HO (1508 cm™), SOz (1375 cm™), CO2 (2359cm”
1, C-Hn (2933cm™) for SS (A2) and Fe-SS (B2).
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It is worth mentioning that, in terms of intensities, CO2 and SO2 showed equivalent evolutions with
temperature as shown in Fig. 2-3B2. This is because the thermal decomposition of ferrous sulfate
produces SO3, which decomposes to SOz and Oz [38]. The produced Oz reacts with the carbon support
and results in the formation of COz. The iron sites trapped into the carbon before can then be exposed,

which means that more reactive sites were accessible for the heterogeneous Fenton-like reaction.

2.3.2. Characterization of Fe-SC catalysts

The particle size distribution of SC and Fe-SC pyrolyzed at 800°C for 2h are shown in Fig. 2-4. The

average particle size in volume of SC and Fe-SC are 23.0 and 27.1 pm, respectively, indicating that

the amendment of iron on the SC support didn’t change the particle size of the catalyst significantly.
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Fig. 2-4. Particle size distributions of SC and Fe-SC.
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Fig. 2-5. SEM images of the SC (A) and Fe-SC (B) pyrolyzed at 800°C for 2 h

T
'

The SEM micrographs of SC and Fe-SC are shown in Fig. 2-5. Compared to SC, the surface of Fe-

SC appears a little more rough. In addition, the element content (for the zone shown in Fig. 2-5)
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measured by EDX was listed in table 2-4. The main elements on the surface of SC are C. O. Siand

Al. Compared with SC, the Fe content on the surface of Fe-SC increased from 3.4% to15.3% after

iron impregnation.

Table 2-4. Results of EDX analysis

Mass content (wt.%) Atom content (At.%)
Element (keV)

SC Fe-SC SC FeSC
C 0.277 22.1 11.9 37.1 22.9
0] 0.525 27.0 21.1 34.1 30.0
P 2.013 3.2 5.4 2.1 4.0
S 2.307 1.9 2.6 1.2 1.9
Mg 1.253 0.9 1.5 0.8 1.4
Al 1.486 11.9 14.2 8.9 12.1
Si 1.739 17.8 20.1 12.8 16.5
K 3.312 1.8 3.7 0.9 24
Ca 3.690 2.1 4.2 0.9 2.7
Fe 6.398 3.4 15.3 1.2 6.3

Table 2-5. Physicochemical properties of SC and Fe-SC pyrolyzed at 800°C for 2h.

Sample  Fe (wt. %) Si(wt.%) Al (wt.%) Ash (wt. %)  Sper (m%*/g)  pHiep

SC 3.9 10.4 11.5 68.5 18.9 3.6

Fe-SC 12.9 8.4 7.5 89.6 14.3 34

The metal content in the SC and Fe-SC was also measured by ICP-OES (Table 2-5). Compared to the
results obt ained by E DX, s ome discrepancy w as obs erved, t his could be a ttributedt o the
inhomogeneity of sewage sludge material. However, the Fe content on the surface of Fe-SC measured
by ICP-OES (12.9%), in agreement with the result obtained by E DX analysis (15.3 %). Hence, it
could be deduced that the iron particles are almost uniformly distributed on the SC support.
Furthermore, the Fe-SC sample was analyzed by ICP-OES. The results evidenced the presence of 0.9%
Ca, 0.6% Mg, 1.5% P, 1.6% K, 0.2% Na as well as trace amounts of heavy metal such as 650 ppm
Zn, 11.5 ppm Cd, 134 ppm Cu and 627 ppm Mn. As shown in Table 2-5, the ash content of SC is
74.63 % and the Fe content is only 3.91%. That means the Fe in Fe-SC is mainly the added element

during the preparation process of Fe-SC, while Si and Al are the native element in original sewage
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Fig. 2-6 XRD patterns of SC, Fe-SCe00, Fe-SCr00 and Fe-SCzgoo

The iron chemical state in Fe-SC was studied by XRD (Fig. 2-6). New broad bands at 20 angles of
35.5° 62.6° and 30.1° are distinctly observed by comparing the XRD pattern of Fe-SC catalyst with
that of SC. These diffraction peaks are assignedto (3 11), (440) and (220 ) planes of Fe3Os
crystallite (J CPDS 8 8-0866), r espectively [39, 40]. T he oxi dation s tate of Fe ont he surface of
catalysts was also characterized by XPS (Fig. 2-7). The binding energy of Fe 3p was determined to
be 56.4 eV, which was ascribable to Fe3O4 [41]. According to the results of XRD, other elements, Si,
Al,Caand Nainthe forms of SiO2, Al203, CaSOs and NaPOs3 are also detected in FeSC. Itis
noteworthy that c rystallographic s tructure of S102 and A 1203 are p articularly m ore r ecognizable
compared with other oxides due to their higher content in the bulk powder sample [42]. The average
size of the crystalline particles for Fe3Os is calculated to be 12.1 nm based on the Debye-Scherrer

formula from XRD study.
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Fig. 2-7. XPS patterns of the Fe3p region for FeSC catalyst.

2.3.3. Effect of the pyrolysis temperature on the Fe-SC catalyst performances

According to the TGA-FTIR results, the pyrolysis process should finish at temperature higher than
600°C, hence 600, 700, 800 and 900°C were chosen as the maximum temperatures for the catalyst
preparation. T he c orresponding c atalysts are referred to as Fe-SCeo0, Fe-SC700, Fe -SCsoo and F e-
SCooo. As shown in Fig. 2-8A, the increase of mass loss during the pyrolysis at higher temperature,
the yield of Fe-SC catalysts decreased a bit, while the ash content increased accordingly. The Fenton-
like cat alytic activity o f Fe-SC c atalysts w ere tested after 60 m ina dsorption. Whent he
adsorption/desorption equilibrium was established, the color removal efficiency for the four systems
are 16.9% , 15.2%, 14.3% and 12.8% , r espectively. W hile a fter 2 h Fenton-like oxi dation, the
discoloration efficiency of AOII were 90.7%, 93.5%, 97.5% and 95.6%. The results indicated that
the Fe-SCsoo catalyst presented the highest catalytic activity.

As shown in Fig. 2-8B, the iron content in Fe-SC catalyst increased from 12.3% for Fe-SCeo0 to 13.4%
for Fe-SCooo. Hence there is more amount of iron oxide in the system for the catalyst that pyrolyzed
under higher temperature, which means there are more active sites for accelerating the decomposition
of H20: to generate hydroxyl radicals. Moreover, while the pyrolysis temperature increased to 900°C,
the oxidation activity decreased a bit. Since the life-time for hydroxyl radical is extremely short (about
1 ns [43]), the decrease of adsorption ability and increase of iron content possibly resulted in the
reactions between excess iron and hydroxyl radicals or the scavenging reaction between radicals.
Hereafter the experiments will be performed on the sample pyrolyzed at 800 °C as the heterogeneous

Fenton-like catalyst.
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Fig. 2-8 Effect of calcination temperature on the Fe-SC production and ash contant (A) and
influence on the Fe content in the catalysts and the degradation efficiency of AOII (B) (Fe-SC: 2.0
g/L; H202: 15 mM; AOIIL: 100 mg/L; initial pH 4.0; reaction temperature: 30°C and reaction time:
120 min).

2.3.4. Effect of the preparation method on the activity of catalyst

The Fe content in Fe/SC prepared via “two-step” method was determined to be 14.2% by ICP-OES,
the average particle size in volume of Fe/SC is 26.6 um, pHiep is 3.8 and the BET surface area is 13.3
m?/g, which are quite similar to that of Fe-SC.

The heterogeneous Fenton-like catalytic activity of Fe-SC and Fe/SC was firstly compared by batch
experiments. A fter 60 min adsorption, the 14.3% and 19.7% of AOII were removal in Fe-SC and
Fe/SC s ystem, respectively. T he d egradation ef ficiency o f A OlIl catalyzed by F e-SC and Fe/SC
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located at 97.5 % and 98.8% after oxidation for 2 h. T herefore, these two systems presented the
similar catalytic activity. At the end of reaction, 0.373 and 1.223 mg/L leached iron were detected in
Fe-SC and Fe/SC catalytic system, the later was about twice higher than the former.

The preliminary evaluation of the stability of these two kinds of catalysts was evaluated by A OII
degradation in th e in tegrated m embrane-heterogeneous F enton-like ¢ atalytic continuous r eactor
(MHFR). Fig. 2-9A shows the discoloration change of AOII with operation time in the continuous
MHEFR. For catalyst Fe/SC, the AOII concentration in the effluent decreased rapidly during the initial
210 min, reaching round 96.6% removal efficiency. But an increasing loss of activity was observed
as the reaction went on. While, fro Fe-SC system, the AOII removal rate could be kept around 97%
at 600 min, indicating that FeSC presents both a high catalytic activity and a long-term stability.

To find out the reason for the observed activity decay of Fe/SC, the turbidity values of the effluent
were measured. The results showed that the turbidity values of the permeate water were kept below
0.300 NTU, which means the continuous MHF reactor could intercept the catalysts and the running
off particles in the effluent were negligible. So the most possible cause of deactivation of Fe/SC was
the loss of Fe from the catalyst by leaching. As shown in Fig. 2-9B, the concentration of the leached
Fe from Fe/SC decreased after 210 min which leaded to the both of homogeneous and heterogeneous
Fenton reactions activity decay, this result was in agreement with the dye degradation performances
of Fe/SC shown in Fig. 2-9A. On the other hand, the iron lixiviation of Fe/SC showed slightly higher
than Fe-SC (Fig. 2-9B), about 1.74 times from the beginning to 210 min by integrating. The activity
of the leached iron could, in part, explain the better performance of Fe/SC than Fe-SC at the initial
210 min. The Fe leaching could attribute to the coordination effect of organic acid generated during
the degradation of Orange 11, as observed for other solid Fenton-like catalysts [44]. For Fe/SC, the
iron particles were anchored to the surface of the supporter, while for Fe-SC, most of the iron salts
particles were immobilized within the supporter. So the coordination effect could happen more easily
to Fe/SC than Fe-SC. These results confirm that the direct synthesis by incipient impregnation allows
Fe particles to be incorporated into the sewage sludge-based carbon framework more strongly bonded
than by the classical impregnation method. Therefore, it seems that Fe-SC can avoid iron lost from
the support better than Fe/SC, and show a long-term stability for application in industry. Thus, the

subsequent runs will consequently be carried out using the best sample: the Fe-SC catalyst.
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Fig. 2-9. Effect of consecutive experiments with the Fe-SC and Fe/SC catalysts on the degradation
of AOII solution (A) and iron leaching (B) (Catalysts: 2.0 g/L; H2O2: 15 mM; Orange II: 100 mg/L;

reaction temperature: 23°C; total volume of reaction solution: 2.4 L and residence time: 120 min).

2.3.5. Influence of the experimental conditions in the Fe-SC catalysts performance

2.3.5.1. Effect of hydrogen peroxide concentration

The reaction between AOII and H20:2 could be written as Equation (2-1):

CicH11N2NaO4S + 42H202 — 16CO2 + 46H20 + 2HNO3 + NaHSO4 (Equation 2-1)

According to t his ¢ hemical formula, w hen t he initial c oncentration of AOIl was 1 00 ppm, t he
theoretically concentration of H2O2 should be 12 mM. Thus, in this study, the concentration of H2O2
was varied from 9 mM to 18 mM, and the removal efficiency of AOII in the oxidation process as a
function of reaction time were displayed in Fig. 2-10. The reaction performance increased when the
amount of H20: increased from 9 to 15 mM, because more radicals are formed. However, a bit decline
was obs erved for a hi gher concentrationat 18 mM, due to t he w ell-known hydr oxyl r adicals
scavenging effect as shown below [45,46]:

H,0, +e0OH — HO,®+ H,0 (Equation 2-2)

HO,e+e0OH — H,0+0,

e OH +e0OH — H,0,
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Fig. 2-10 Effect of hydrogen peroxide concentration on the discoloration of AOII (Fe-SC: 2.0 g/L;
AOII: 100 mg/L; initial pH 4.0; reaction temperature: 30°C)
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Fig.2-11. Effect of hydrogen peroxide concentration on Pseudo-first-order rate constants for OA II

discoloration
The pseudo first-order kinetic model (Equation 2-5), which has been widely applied in the literature
for the description of the heterogeneous Fenton oxidation of organic pollutants [47,48], was used to

calculated the apparent rate constant (kapp) of the AOII degradation when using different amount of

H20o.

C
lnF0 =kt (Equation 2-5)
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As shown in Fig. 2-11, the highest AOII degradation efficiency for the Fenton-like reaction system
was achieved when 15 mM H20> was used. Therefore, the concentration of H2O2 will be controlled

at 15 mM in the subsequent runs.

2.3.5.2. Effect of initial concentration of AOII

The influence of the initial concentration of AOII in solution on the degradation of AOII upon Fenton-
like r eaction over FeSC w as studied. From Fig. 2-12, 1t can be seen that the ps eudo-first-order
degradation rate constant of AOII decreased when the initial concentration of AOII increased from
25 to 200 mg/L.

This behavior could be plausibly explained as follows: more AOII molecules were adsorbed on the
Fe-SC surface as the initial concentration of AOII increased, while the amount of H2O2 used in this
study was constant. Consequently, the relative probability of an *OH attacking an AOII molecule

decreased, inducing a decrease in the AOII degradation efficiency.
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Fig. 2-12. Effect of initial concentration of AOII on the apparent rate constant (Fe-SC: 2.0 g/L;

H202: 15 mM; initial pH 4.0; reaction emperature: 30°C).

2.3.5.3. Effect of reaction temperature

Reaction temperature has been found to be a critical parameter to influence the activity of Fenton-
like catalyst. In this study, the changes in the degradation rate of AOII as a function of the applied

temperature (range from 20 t o 60°C) were monitored. And the apparent rate constant (kapp) of the
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AOII degradation was obtained by fitting the results with pseudo first-order kinetic e quation. A's

shown in Fig. 2-13, the increase in temperature had a beneficial effect for the AOII degradation.

35

=]

=0.0134 R?=0.9980
30| ar *

o k,=0.0230 R*=0.9977

25 A k,,=0.0288 R*=0.9989

2ol @ k,=0.0366 R*=0.9910

o #  k=0.0516 R?=0.9862

Qj 151 J
£

0 I 10 I 20 I 30 I 40 I 50 I 60
Time (min)
Fig. 2-13. Effect of the reaction temperature on the pseudo-first-order rate constants for AOII

degradation (Fe-SC: 2.0 g/L; H202: 15 mM; AOII: 100 mg/L; initial pH 4.0; reaction temperature:
30°C).

The Arrhenius law was used to calculate the activation energy, Ea:
Ea .
K, = Aexp(—ﬁ) (Equation 2-6)

where Kabs is the kinetic rate, A is the preexponential factor, T is the absolute temperature (K), R is
the gas constant.

The linear form of Arrhenius law could be expressed as:
Ea .
In(K ,,) =In(4) - T (Equation 2-7)

The logarithm of Kabs was plotted versus the reciprocal of temperature, and the slope of the curve was
used to determine the activation energy. As shown in Fig. 2-14, the dependence of the kinetic constant
on the reaction temperature evidences the Arrhenius behavior, with activation energy of 25.8 kJ/mol.
The Ea values for usual chemical reaction varied from 40 to 400 kJ/mol [49]. The low value of the
activation e nergy ¢ onfirms t he ve ry hi gh e fficiency and s uitability of FeSC as a heterogeneous

Fenton-like catalyst.
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Fig. 2-14. Arrhenius plot of AOII degradation

2.3.5.4. Influence of initial solution pH

The removal of azo dye, catalyzed by Fe-catalysts, was a pH-dependent process [50,51], so the effect
of the initial solution pH was studied. As shown in Fig. 2-15A, after 120 min reaction, over 97.5%
AOII was transformed at pH 3.0, 94.0% atpH 4.0,31.4% atpH 5.0 and 14.9% atpH 6.0. T hese
results indicate that the higher the initial solution pH is, the slower the reaction rate is. The lower
performances of the Fe-SC catalyst at high pH can be attributed to a decrease in the production of
radical oxidants capable of reacting with AOII. Jing Guo et al. pointed out that at neutral pH the
decomposition of H202 predominately leads to Oz which is not able to oxidize the organics under the
mild operating conditions of this study [51].

The iron leaching from the catalyst was also checked all along the experiments. As shown in Fig. 2-
15B, the iron concentration in solution was 2.2 and 0.4 mg/L after 1 h adsorption and 2 h oxidation
at pH 3.0 and 4.0, respectively. When the initial pH were 5.0 and 6.0, the leached iron were less than
1.0 mg/L during all the reaction. The leaching of Fe at pH 3.0 is not desirable since it is higher than
the EU discharge limits (<2 ppm). In conclusion, the optimal initial solution pH was 4.0, since the
AOII removal e fficiency was as high as at pH 3.0 but the iron leaching was lower. I't is w orth
mentioning that the amount of iron lost from the Fe-SC catalyst, even at pH 3.0 is only 1.1% of the
total iron content initially incorporated in the catalyst, significantly lower than in the case of the
Fe/active carbon prepared by classical incipient wetness impregnation (ca. 2.6 wt. %) [39].
Considering the complexity of sewage sludge, the concentrations of the other metals in the filtrate

from FeSC system with initial pH 4.0 were detected by ICP-OES. Except for Fe, little amount of Ca,
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Mg, Cu and Zn were also detected in the filtrate, their concentrations were 0.813 mg/L, 0.271 mg/L,
0.029 mg/L and 0.027 mg/L, respectively. And the concentrations of Cr, Mn, Ni and Pb were below
the detection limit of ICP-OES. In these conditions some, although relatively 1ow, contribution of
aqueous c atalytic r eaction m ay t ake pl ace. T o de termine the i nfluence of ho mogeneous pha se
reaction, 2.0 g/L Fe-SC catalyst was added into deionized water with initial pH 4.0, and shacked for
3 h. After that the filtrate was used to prepare 100 mg/L AOII solution, and 15 mM H20:2 was added.
When the homogeneous experiment was carried out for 120 min, the discoloration efficiency of AOII
were only 7.3% This result suggests that degradation of AOII for the Fe-SC based Fenton-like system

could mainly be attributed to heterogeneous process, not homogeneous phase reaction.

(A) 10F ¢
08}

0.6

C/C

04}

0.2

0.0

Time (min)

C:

o (&) o
T T T T T T

Iron leaching (mg/L)
o
[6)]

o
o
—

——0
0 20 40 60 80 100 120
Time (min)

Fig. 2-15 Effect of initial solution pH on the degradation of AOII and on the iron leaching (Fe-SC:
2.0 g/L; H202: 15 mM; AOIIL: 100 mg/L; reaction temperature: 30°C)
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2.3.6. Mineralization of AOII

Fig. 2-16 shows the UV—Vis spectral changes of AOII in the Fenton-like degradation process. The
peaks at 310, 228, and 254 nm are assigned to the aromatic rings in AOII molecule, and the peaks at
484 and 430 nm are assigned to the conjugated structure formed by the azo bond [52]. As the reaction
proceeded, the three characteristic absorption peaks decreased dramatically and almost disappeared
after 120 min, indicating that the chromophore and conjugated n* system were completely destroyed.
On the other hand, it is known that complete discoloration of A OII does not mean that the dye is
completely oxidized. Hence, the mineralization of AOII, in terms of COD removal, was investigated
in parallel time. As shown on Fig. 2-16, the COD removal remarkably increases as the reaction time
goes on, reaching 73.6% COD removal at the end of the reaction. Compared with the 96.7% AOIIL
removal, it can be seen that the mineralization of AOII is slower than the discoloration. This is due
to th e fact that s ome p artially-oxidized refractory i ntermediates ar e generated u pon t he A OII
degradation [53]. The results shown in Fig. 2-16 also indicate that Fe-SC as a heterogeneous Fenton-
like catalyst can lead to a fast discoloration of AOII as well as a remarkable mineralization degree of

the solution.
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Fig. 2-16. The UV—vis spectral changes of AOII (Fe-SC: 2.0 g/L; H202: 15 mM; AOII: 100 mg/L;
initial pH 4.0 and reaction temperature: 30°C), inset: corresponding decolorization and COD

removal efficiency.

2.3.7 Comparison of the catalytic activity of Fe-SC with other catalysts

In order to more c learly u nderstand th e ¢ atalytic activity of Fe-SC, we carried out ¢ omparable

experiments between FeSC catalyst and other three heterogeneous Fenton-like catalysts mentioned
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frequently in references, a-Fe203, Fe3O4 and y-FeOOH. This comparison was based on the identical
amount of iron and carried out under identical conditions. As shown in Fig. 2-17, the degradation
efficiency of the three iron—oxygen series of compounds were very low, only 3.4% fora-Fe203, 4.7%
for Fe3O4 and 23.5% for y-FeOOH were observed after adsorption for 60 min and oxidation for 120

min, respectively. It is obviously that Fe-SC system has the highest discoloration efficiency.

There are many reasons for the better catalytic performance of the Fe-SC system compared to the
other iron oxides. Firstly, the porous carbon matrix in the SC can facilitate the adsorption of dyes.
Secondly, s ome inorganic c omponents in the SC support (SiO2 and A 1203) may also act as co-
catalysts in the degradation of AOII upon the heterogeneous Fenton-like process. Therefore, it can be

deduced that SC is a favorable Fenton-like catalyst support for the degradation of AOIL.

Adsorption
Fenton-like Oxidation §

3

Degradation efficiency (%)

- Al

o-Fe203 Fe304 yFeOOH Fe-SC

Fig. 2-17. Comparison of the adsorption and heterogeneous Fenton-like catalytic activity by using
various compounds (the iron concentrations are all 0.258 g/L; H202: 15 mM; AOII: 100 mg/L;

reaction temperature: 30°C, adsorption for 60 min and Fenton-like oxidation for 120 min).

2.3.8. Co-catalytic effect of inorganic components in SC

2.3.8.1. Characterization of FeWC catalyst

To further investigate the effect of inorganic components in FeSC on the catalytic performance in
Fenton-like reaction, another kind of biomass material with low ash content, wood sawdust, was used
as ca talyst support f or co mparison. T he m ain p hysicochemical p arameters o f F eWC an d i ts
corresponding support (WC) are listed in Table 2-6. The Fe content of FeWC is similar to that of
FeSC, however, FeWC is almost free of Si and Al elements. The BET surface area of FeWC is a little
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smaller than that of FeSC. As shown in Fig. 2-18, the surface morphology of FeWC presents in the
form of plates which come from the carbonization of the cellulosic materials with small particle size

iron oxide dispersed on them, while FeSC presents a more heterogeneous appearance.

Table 2-6. Physicochemical properties of WC and FeWC.

Sample Fe (wt %) Ash (wt %) d,* (Lm) SeeT (m*/g) pHiep
wWC 0.5 4.6 29.6 10.4 3.1
FeWC 16.2 26.3 26.7 12.1 3.1

 d,: volume average particle diameter
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Fig. 2-18. XRD patterns of WC and FeWC (A) and SEM image of FeWC (B).

2.3.8.2. Comparison of the catalytic activity of FeSC and FeWC

In or der t o understand the c atalytic pot ential o f F eSC more c learly, a c omparative F enton-like
experiment w as pe rformed w ith F eWC. As shown in Fig. 2 -19, removal e fficiency of AOIlin
adsorption phaseis?21.9% and 17.8% for FeSC and F eWC sy stem, r espectively. This can be
explained by the lower BET surface area of FeWC. And the degradation efficiency of AOII catalyzed
by FeSC locates at 94.6 % after oxidation for 2 h., w hich is only 66.2% for FeWC system. The
apparent rate constants (kap) of AOII degradation were obtained by fitting the results from 60 min to
180 min showed in Fig. 2-19 with pseudo first-order kinetic equation. As shown in table 2-7, very
high and good c orrelation c oefficients (R?) were gotten, meaning there is good I inear correlation
between In (Co/Cy) and time. The kap for FeSC system was calculated to be 22.45 x10~ min™!, while
that for FeWC system was only 7.31 x107* min™!, the former was about 2 times higher than the later.

Since the contents and existence forms of Fe in FeSC and FeWC are similar, the difference of their
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catalytic activities is possibly dependent on non-iron inorganic components co-existing in them.
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Fig. 2-19. Degradation of AOII through adsorption and oxidation by hydrogen peroxide and
different catalysts (Catalysts: 2.0 g/L; H202: 15 mM; AOIIL: 100 mg/L; reaction pH: 4.0+0.1;

reaction temperature: 30°C).

Table 2-7. Discoloration of AOII with H202 in the presence of different catalysts.

Discoloration efficiency of AOII (%)

Pseudo first-order model parameters

Sample By adsorption, By oxidation,
kap (x 10 min™) R?
t =60 min t =180 min

H02 0 5.1 0.44 0.9850
SC 26.9 48.8 2.98 0.9973
FeSC 22.8 94.6 22.45 0.9972
FeWC 17.8 66.2 7.31 0.9987
SC-A 5.0 11.2 0.57 0.9975
FeSC-A 19.8 51.3 4.21 0.9875
SiSC-A 2.8 8.6 0.63 0.9964
AISC-A 6.6 14.8 0.81 0.9904
FeSiSC-A, 14.2 59.8 6.00 0.9804
FeSiSC-A» 13.8 68.8 8.44 0.9885
FeSiSC-A3 13.4 80.5 12.41 0.9765
FeAISC-A, 22.1 65.7 6.71 0.9988
FeAlSC-A, 39.7 77.7 8.17 0.9870
FeAlSiSC-A 348 89.9 15.11 0.9917
FeAlSi 8.5 39.6 3.39 0.9977
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2.3.8.3. Co-catalytic effect and mechanism of inorganic components in SC

To further investigate the effect of inorganic components in FeSC on the catalytic performance in
Fenton-like reaction, the inorganic components of sewage sludge was firstly removed and then the
remainder was used as p recursor (SS-A) for SC-A and Fe SC-A preparation. The physicochemical
data of the prepared SC-A and FeSC-A are presented in Table 2-8. The ash content of SC-A and FeSC-
A are only 10.02 % and 39.97 %, much lower than that of FeSC, and the Al and Si contents are at
micro level. Then the catalytic behavior of SC-A and FeSC-A was also evaluated in the presence of
H202 at pH 4.0 ( See curve B and C in Fig. 2-20). After 1 ha dsorption and 2 h oxidation, the
discoloration efficiencies of AOII are 11.2 % and 51.3 % for SC-A and FeSC-A, much lower than the
94.6 % removal efficiency obtained with the FeSC catalyst. The pseudo first-order degradation kinetic
constant for FeSC-A system is calculated to be 4.21 x10” min™ (As shown in Table 2-8), which is
also less than that for FeSC. This experimental result further indicates that the inorganic components

in the SC have co-catalytic effect on the degradation of AOII in heterogeneous Fenton-like process.

Table 2-9. Physicochemical properties of different catalysts.

Zeta
Sample Fe (wt %) Al (wt %) Si(wt%) Ash (wt %) (S;i:g) potentiala t pHigp
pH 4.0 (mV)
SC-A 1.50 0.13 2.50 10.02 13.7 -17.16 3.13
FeSC-A 19.45 0.06 1.21 39.97 21.1 -16.84 3.21
SiSC-A 0.93 0.08 13.68 39.32 12.2 -26.44 2.64
AISC-A 0.82 9.66 1.29 28.65 18.3 -11.81 3.51
FeSiSC-A1  20.38 0.07 6.31 48.89 19.2 -20.15 3.06
FeSiSC-A2  19.53 0.06 11.09 49.92 16.5 -21.46 2.94
FeSiSC-A3 1843 0.06 16.28 55.42 13.1 -24.53 2.37
FeAISC-A1  17.24 4.04 1.07 44.92 15.8 -8.16 3.56
FeAISC-A2  16.83 7.88 1.04 45.99 21.9 -0.85 3.82
FeAlSiSC- 7.45 8.70 17.3 -10.74
A 15.92 55.03 2.98
FeAlSi 29.81 14.40 15.01 90.35 6.1 4.12 5.24

As mentioned previously, except for Fe the other inorganic elements in SC are mainly Si and Al,

which exist in the forms of SiO2 and A1203 confirmed by XRD (Fig. 2-6). Their contents in SC are
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calculated to be 22.14 % and 16.09 % , respectively, be ing 73.46 % of total non -iron inorganic
components. In other words, the co-catalytic effect of SC compared with W C is p ossibly mainly
originated from the SiO2 and Al2Os. In order to understand the enhancement mechanism, a series of
Fe-loaded sewage sludge carbon with various SiO2 and Al20O3 content as Fenton-like catalysts were
prepared by employing the SS-A as precursor, their physicochemical properties are listed in Table 2-
9, and their catalytic activities were also determined, respectively. As shown in Table 2-9, all the
modified SS-A based catalysts present low BET surface area (less than 25.0 m? / g), and the values
are very close to each other.

Before comparing the activity of silica and/or alumina incorporated iron-containing catalysts, two
blank runs were performed to evaluate the ability of SiSC-A and AISC-A to oxidize AOII in aqueous
solutions in the presence of H202. Only 8.6 % and 14.8 % AOII removal was observed by these two
kinds of Fe free catalysts through adsorption and oxidation processes under the same conditions as
mentioned above. That means neither SiSC-A nor AISC-A exhibits any considerable catalytic activity
towards the degradation of AOII by H20..

The change of the A OII discoloration rate with the various contents of SiOz2 in catalyst support is
presented in Fig. 2-20A. The comparison was based on the identical amount of iron. It is found that
increase of de gradation rate is followed by t he order of FeSiSC-A3 > FeSiSC-A2 > FeSiSC-A1 >
FeSC-A, which is consistent with that of SiO2 content. The changes of H202 concentration in the
liquid phase during the experiments (Fig. 2-20B) follow a parallel trend to the A OII oxidation: a
better performance is reached when the content of SiO2 in the FeAlSiSC-A catalysts increased. The
results further ¢ onfirm th at co-catalytic effect o fS C p artly o riginates from S 102-like in organic
component in it. There are several possible explanations for the co-catalytic effect of SiOa. Firstly,
H202 can adsorb on SiO2 by hydrogen bonds with the oxygen in siloxane bridges, Si-O-Si [54] (Fig.
2-21A), leading to a higher concentration of H202 on surface of FeSC then that in the bulk solution
and hence facilitating Fenton-like reaction. Except for siloxane, there is another kind of functional
group on the silica surface, silanol (Si-OH) [55], which undergoes protonation when the pH values
are lower than the pHiep of Si02 and deprotonation at pH> pHiep [56,57]. The pHiep value of Si0O: is
widely reported at 2.0-3.5 [57,58], lower than the solution pH in our experiments. Therefore, H has
an obvious tendency to release from Si-O-H, and result in the formation of ne gative charge Si02
particles and an acidic microenvironment near the catalyst surface [59], as shown in Fig. 2-21B. This
explanation can be partly evidenced by t he di fferent zeta p otential at pH 4.0 of SiO2-containting
catalysts that are presented in Table 2-8, the surface charge became more negative when the content
of Si02 increases. It is known that low pH favors « OH generation and « OH has hi gher ox idation

potential at pH around 3.0 than that in less acidic solution [60]. Hence it is possible that the insertion
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of S102 can facilitate the ad sorption o f H202 on the catalyst surface and increase the activity to

generate *OH.
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Fig. 2-20. Effect of SiO2 content in FeSC on AOII removal (A) and H202 consumption (B) (the iron
concentrations are all 0.2588 g/L: (A) SiSC-A: 1.6085 g/L, (B) SC-A: 1.2882 g/L, (C) FeSC-A:
1.3306 g/L, (D) FeSiSC-A1: 1.2699 g/L, (E) FeSiSC-Az: 1.3251 g/L, (F) FeSiSC-As: 1.4042 g/L;

H202: 15 mM; AOII: 100 mg/L; reaction pH: 4.0+0.1; reaction temperature: 30°C).
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Fig. 2-21. H202 adsorb over siloxane by hydrogen bonds (A) and acidic microenvironment form

near the surface of SiO2 particle (B).
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The role of alumina phase in iron-contenting sample as heterogeneous Fenton-like catalyst was also
investigated. As shown in Fig. 2-22, the removal efficiency of AOII after the preliminary adsorption
process is 21.1 % for FeAISC-A1, 39.7 % for FeAlISC-A2 and 18.2 % for FeSC-A. The different
adsorption capacities can be correlated with the different BET surface area values and different zeta
potential of these three catalysts as shown in Table 2-8. The pHiep values of A12O3 and SC-A are
located at 8.5-10.4 [57] and 3.13, thus the insertion of Al203 will lead to an increase in pHiep of the
particle, and p resents | ess n egative ch arge, w hich can facilitate the ad sorption o f sulfonic d ye
numerator by electrostatic phenomena. In consideration of AOII discoloration, the increase in the
content of Al2O3 also resulted in a higher AOII degradation efficiency. The pseudo first-order kinetic
constant of AOII oxidation are determined to be 6.71 x10= min™' for FeAISC-A1 and 8.17 x107* min"
! for Fe AISC-A, respectively. As mentioned before, the surfaces of FeAISC-A catalysts are much
less n egatively ch arge than that o f F eSiSC-A c atalysts. T herefore, the pH in microenvironment
around the Al2O3 particles is almost neutral and not as acidic as that of FeSiSC-A catalysts. It indicates
that t he co -catalytic m echanism of alumina p hase is different from that o f silica p hase. For the
enhancement mechanism of Al2Os3 in the catalyst, Timofeeva et al. [61] demonstrated that insertion
of alumina phase can increase the strength ofbasic sites of F e-containing samples d etected w ith
CDCls adsorption, leading to the acceleration of H202 degradation and the increase in activity of
catalysts. This explanation is in agreement with the result of our work that insertion of A1203 can
increase the pHiep of catalyst. Furthermore, alumina as a Lewis acid can attract electron density from
ferric ion, and destabilizing the Fe*" state, then facilitate the reduction of Fe’" to Fe** by H202, which
usually is the rate-limiting step in the Fenton’s reagent chain reaction [62].

Si0:2 presents lower pHiep value compared with that of Al2O3, the surface charge of silica-contenting
catalyst FeAISiSC-A at pH 4.0 is lower than that of FeAISC-A:z (Table 2-8), and resulting in a slightly
decrease o f A OII ad sorption. W hile as ¢ an be seen from Fig. 2 -22, F eAlSiSC-A s hows hi gher
catalytic activity than FeAISC-Az. The pseudo first-order degradation kinetic constant is calculated
to be 1.511 x102 min™! for FeAlISiSC-A (Table 2-7), which is about 1.8 times as much as that of
FeAISC-Az and FeSiSC-A:z. This experimental result can further indicate the co-catalytic effect of
Si02 and A1203 in SC. On the other hand, maybe there is a synergistically catalytic effect of silica
and alumina in FeAlSiSC-A, further research will be carried out to confirm this hypothesis.

To evaluate the function of sewage sludge-based carbon as support in heterogeneous F enton-like
reaction, the degradation of A OII with bare FeAlSi was carried out. The catalyst concentration is
0.8682 g/L for FeAlSi and 1.6256 g/L for FeAlSiSC-A to get the similar amount of Fe, Al and Si in
these two systems. It can be observed that both the adsorption and oxidation of AOII in FeAlSi system
are less significant than that of FeAISiSC-A system (Fig. 2-22). The rate constant is calculated to be
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only 3.39 x 10~ min™!' for F eAlSi using the ps eudo-first-order e quation, much lower than that of
FeAISiSC-A. This comparison suggests that the carbon in FeSC also plays a very important role in
the Fenton-like process. As is known, carbon materials are good adsorbents for aromatic chemicals
and the preconcentration of AOII to be oxidized in the vicinity of reactive centers is considered to be
beneficial in many literatures [39,63]. Furthermore, the dispersion of the inorganic oxide within the
carbon m atrix ¢ ould prevent them from a ggregating into c lusters during t hermal treatment, a nd

increase the number and properties of the reaction surface sites.
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Fig. 2-22. Degradation of AOII through adsorption and oxidation in the presence of Al>2Os-
containting catalysts (the iron concentrations are all 0.2588 g/L: (A) AISC-A: 1.9540 g/L, (B)
FeAlSi: 0.8682 g/L; (C) FeAISC-A1: 1.5012 g/L, (D) FeAISC-Ax: 1.5377 g/L, (E) FeAlISiSC-A:
1.6256 g/L; H202: 15 mM; AOIIL: 100 mg/L; reaction pH: 4.0+0.1; reaction temperature: 30 °C).

2.4. Conclusions

A novel heterogeneous Fenton-like catalyst was first successfully prepared by employing the sewage
sludge-derived ch ar (SC)ast he catalyst su pport. T he characterization r esults r evealed t he
impregnated iron was existed as Fe3Ou in the FeSC catalyst and almost uniformly distributed on the
SC support. The catalytic activity of FeSC was evaluated from the discoloration and mineralization
of acid orange II (AOII) in the presence of H202. It was found that the FeSC catalyst that pyrolyzed
at 800°C for 2 h di splayed the highest catalytic activity. Almost complete discoloration and 73.6%
mineralization of 100 mg/L AOII were achieved after 1 h adsorption and 2 h oxidation, by using 2.0
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g/L catalyst, 15.0 mM H202 and initial pH 4.0. And only 0.37 mg/L iron was detected in the filtrate
at the end of the reaction. The discoloration efficiency could be kept around 94% after 600 min test
in a n in tegrated m embrane-heterogeneous F enton-like ¢ atalytic ¢ ontinuous re actor (M HFR), It
indicates that FeSC presents both a high catalytic activity and a 1ong-term stability. The catalytic
activation energy was calculated to be 25.8 kJ/mol.

Compared to some commercial iron oxides such as a-Fe2O3, Fe3Oa, y-FeOOH, and wood sawdust-
based carbon supported iron oxide catalyst (FeWC). the FeSC catalyst presented a higher catalytic
efficiency. After compared the p hysicochemical properties o f these iron-containing catalysts, the
presence of inorganic components in sewage sludge, mainly SiO2 and Al203, was speculated to be
the main reason for the good catalytic performance of FeSC. To further confirm this interpretation,
the inorganic components in sewage sludge were firstly removed, and various amounts of iron, silica
and alumina were added into the treated precursor to prepare heterogeneous Fenton-like catalysts. It
was found that the removal of inorganic fraction yielded significant deterioration of catalytic activity.
While the impregnation of Si02 and Al2O3 resulted in substantial promoting effects on discoloration
of AOII. The addition of Si02 will facilitate the adsorption of H202 due to the formation of hydrogen
bonds be tween H202 and Si-O-Si, and in crease th e a ctivity o f « OH for th e formation o f a cidic
microenvironment n ear the silica p hase. T he insertion o f Al2O3 as b asic s ites can facilitate the
adsorption of AOII, activate H20O2 degradation and accelerate the reduction of Fe** to Fe?* by H202

due to the Lewis property of alumina.
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Chapter 3
Catalytic wet air oxidation of 2-chlorophenol

over iron—-sewage sludge derived carbon

3.1. Introduction

Wet air oxidation (WAQO) uses oxygen or air to oxidize organic substances in an aqueous solution
under elevated temperature (ca. 200-320°C) and pressure (ca. 2-20 MPa) [1]. The widespread use of
this technology was limited by its severe reaction conditions. To solve this problem, some catalysts
were added into the reactor to achieve faster destruction rates of organic pollutants under much lower
temperature and pressurs. This process is referred to as catalytic wet air oxidation (CWAO) [2]. In
the pa st de cades, s everal c atalysts have be en de veloped for the C WAO reaction. T hey ¢ ould be
divided i nto ho mogeneous c atalysts a nd he terogeneous ¢ atalysts. Compared t o0 ho mogeneous
catalysts, t he d evelopment o f ac tive h eterogeneous ca talysts h as r eceived m uch m ore at tention
because a s eparation s tep c ould b e a voided. V arious solid c atalysts i ncluding no ble m etal a nd
transition metal oxide catalysts have been evaluated.

Qin et al. [3] compared the activities of Pd, Pt and Ru loaded activated carbon, y-Al203 and CeO2
catalysts in the CWAO of 4-CP, and found that Pt loaded catalysts exhibited the highest catalytic
activity. L1 et al. [4] used Ru/ZrOz2 and Ru/CexZrixOz2 as the catalysts for the CWAO of 2-CP. The
results showed that complete decomposition of 2-CP could be achieved within 5 h under mild reaction
temperature (393 K) and moderate pressure (5 MPa). Furthermore, no Ru leaching could be detected
during the reaction. However, although noble metal catalysts exhibited high activities [5,6], they are
quite expensive.

Therefore, transition metal oxide based catalysts were used as an alternative in the CWAO process
[7-9]. Quintanilla et al. [10] compared the performances of activated carbon (AC) and Fe/activated
carbon (Fe/AC) in the CWAO of phenol. Higher activities were evidenced for the Fe/AC catalyst
because of the presence of higher amounts of acidic oxygen functional groups at the surface of the
catalysts after the introduction of iron. Posada et al. [11] have studied the catalytic wet air oxidation
of 2-CP at 160°C under 1.0 MPa in the presence of 1.5 g L' of a 4 wt.% Cu/CeO: catalyst. The results
showed that 2-CP (50 mg/L) could be degraded with 130 min. However, 54.5 ppm Cu were detected
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at the end of reaction, corresponding to ca. 91 wt.% of the total amount of copper in the catalyst.
CuO-based catalysts were repeatedly p roposed as ef fective catalysts for the C WAO o f d ifferent
pollutants, but copper leaching was critical. Therefore, leaching is a major issue when using transition
metal oxide based catalysts in the CWAO process and it could more interesting to use iron salts or
ferric oxides as catalysts since they are less toxic and more economical [12].

In the wastewater treatment area, 2-chlorophenol (2-CP), which is widely used in the paper, the pulp,
the pesticide and the herbicide industries, is unambiguously identified as a severe environmental
pollutant of major concern due to its high toxicity and low biodegradability. The maximum allowable
concentration of 2-CP in drinking water was fixed at 10 pg L' [13]. Among the different techniques
applied to date for the treatment of 2-CP, the catalytic wet air oxidation (CWAO) has attracted some
interest. Compared to the biological, electrochemical or photocatalytic treatments, CWAO is more
efficient at treating high concentrations of organic pollutants [14]. Compared to the incineration and
the supercritical water oxidation, CWAO might further be considered as an energy-saving catalytic
method [15].

Since sewage sludge are rich in iron, and carbon materials are wildly studied as catalysts in CWAO.
In this chapter, the sewage sludge derived carbon (SC) was employed as catalyst in the CWAO of 2-
CP. Furthermore, sewage sludge derived carbon supported iron oxide catalysts (named as FeSC) were
also prepared, following an optimized method, in order to stabilize the iron. Compared with the costly
noble-metal catalysts, the prepared FeSC catalysts are potentially low cost. Since the metal leaching
remains the main drawback for an extensive application of transition-metal based catalysts in CWAO
processes, the reasons and effects of the iron leaching upon the reaction were investigated in this

study. And different attempts to prevent the iron leaching were also tested.

3.2. Experimental

3.2.1. Chemicals and solutions

All the following reagents were analytical-reagent grade and used without additional purification:
ferrous sulfate heptahydrate (FeSOa4-7H20), disodium phosphate dodecahydrate (Na2HPO4), sodium
dihydrogen phos phate (NaH2PQOa4), acetic acid (CH3COOH), sodium ac etate (CH3COONa-3H20),
Ru(NO)(NO3)3, p urchased f rom A Ifa A esar, f rance.2 -Chlorophenol a nd Methanol ( for
chromatography) were obtained from Sigma-Aldrich, France. The water for the preparation of all the

solutions was double distilled water.
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The dewatered sewage sludge was obtained from the Lie De municipal wastewater treatment plant in
Guangzhou, C hina. I'ts Physicochemical p roperties w as the same as d escribed in the C hapter 2,
Section 2.2.1. The sludge was dried at 105°C to constant weight (ca. 78 wt.% water was evaporated),
subsequently grinded, sieved (100-mesh), and the sewage sludge-derived carbon (SC) was finally

stored in a desiccator at room temperature.

3.2.2. Preparation of the catalysts

The sew age sl udge-derived ch ar su pported i1 ron o xide cat alyst (named as F eSC) w as p repared
following a one-step method combining the carbon synthesis with the Fe loading. At first, 20 g dried
sludge were added into 150 mL of a ferrous sulfate solution (0.5 mol L™! FeSO4, pH = 2.5). After the
suspension was stirred for 24 h, it was slowly evaporated in a rotary evaporator at 60°C under reduced
pressure, and then dried at 105°C for 12 h. S ubsequently, the received solid was pyrolyzed under
flowing nitrogen (40 mL min™') in a horizontal furnace at 800°C for 2 h (heating rate: 20°C min™').
The pyrolyzed sample was washed several times with deionized water until the conductivity became
constant in order to make sure there is no soluble iron salts anymore on the catalyst surface. Then,
the sample was dried at 105°C overnight and grinded to less than 200-mesh size.

Finally, in order to reduce the ash content, 5 g of the sludge-derived c arbon ( SC), formed a fter
pyrolysis at 800°C for 2 h, w as treated in a 80 mL acid solution (25 vol.% HCI1 + 25 vol.% HF) at
70°C for 2 h before, washing with distilled water and drying. The sample was named as SC-A.

3.2.2. Characterizations

The ash content of the catalysts was determined using the standard ASTM D2866-94 method. The
metal content in the synthesized sa mples w as measured b y i nductively co upled p lasma o ptical
emission spectroscopy (ICP-OES, Horiba Jobin-Yvon).

The specific surface area (Sser) was determined using an A utosorb-iQ-MP gas sorption analyzer
(Quantachrome Instruments, USA) via nitrogen adsorption at 77K.

The pH at the point of zero charge (pHrzc) of the catalyst was measured according to the method
developed by Brunelle [16]. Increasing amounts of solid were added sequentially to a 50 mL 0.0005M
NaCl solution until the pH reached a plateau. The pH at the plateau corresponds to the pHpzc.

The X-ray diffraction (XRD) measurement was carried out under the same conditions as described in

the Chapter 2, Section 2.2.2.
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3.2.3. Catalytic tests

The cat alytic w et air o xidation o f 2-chlorophenol over the S C-based cat alysts w as studied in a
conventional ba tch r eactor m ade of H astelloy C 22 ( Model 4836, Parr I nstrument [ nc). The
experimental apparatus is described in Fig. 3-1. In each run, the 300 mL autoclave was loaded with
150 mL of a2 g L'! 2-CP aqueous solution (ca. 2.3 mmoles 2-CP in the reactor) and a defined amount
of catalyst. After the reactor was repeatedly outgassed with argon at ambient temperature, the reactor
was heated up to the desired temperature (120°C). When the temperature was stabilized, synthetic air
(20 vol.% O2 + 80 vol.% N2) was introduced into the reactor until the total pressure reached 5 MPa.
This point was taken as “zero” time for the reaction. The oxygen partial pressure was ca. 0.9 MPa
(ca. 42.8 mmoles Oz in the reactor), corresponding globally to a large excess of oxygen according
Equation 1. Noteworthy, the oxygen solubility in water under such conditions was only ca. 0.2 go> L~
1.

CeHsCIO + 6.5 O2 = 6 CO2 + 2 H20 +HCI (Equation 3-1)

Furthermore, to avoid any mass transfer limitation in the liquid phase, the stirrer speed was fixed at
1300 rpm [17]. Liquid samples were taken from the reactor at regular time intervals and analyzed

after centrifugation.
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Fig. 3-1. Schematic of the experimental setup.

3.2.4. Analytical methods

The concentrations of 2-chlorophenol and the oxidation intermediates were measured by HPLC using

a UV-detector set at 210 and 281 nm (Shimadzu). The HPLC system was equipped with a Kinetex
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PFP 100A 2.6 pm 100 x 4.6 mm column (Phenomenex), operated at constant temperature (40°C).
The mobile phase was a mixture of 4 vol.% methanol and 96 vol.% water, which pH was acidified
down to 2.0 using a 85 wt.% H3POs solution. The flow rate was fixed at 0.6 mL min'.

The Total Organic Carbon (TOC) in the liquid samples was determined by using a Shimadzu 5050
TOC analyzer. The pH of the solution was measured with a Radiometer Analytical PHM240 pH
meter. The Fe concentration in the liquid samples was further analyzed by ICP-OES to check for

lixiviation.

3.3. Results and discussion

3.3.1. Characterization of the catalysts

The basic physical and chemical characteristics of the SC, FeSC and SC-A samples are summarized in

Table 3-1.

Table 3-1. Physicochemical properties of the SC, FeSC and SC-A samples.

Ash content Fe Si Al Ca SgeT
Sample PHpzc
(wt.%) (wt.%) (Wt.%) (Wt.%) (wt.%) (m?2g?)
SC 74.6 4.5 23.4 10.6 1.7 19 7.5
FeSC 93.0 12.0 19.9 9.1 1.8 14 4.2
SC-A 56.1 0.4 28.6 1.8 <0.1 33 3.7

The ash content values and the results of the ICP-OES analysis indicated a high content in inorganic
components, such as iron, silicon and aluminium. After the acidic washing, the ash fraction was
partial removed. The iron content in SC, FeSC and SC-A, determined by ICP-OES, was 4.5, 12.0 and
0.4 wt.%, respectively. SC and FeSC exhibited quite a low specific surface area, while SC-A showed a
higher surface as a result of the acidic washing and the efficient ash removal. As indicated in Table
3-1, the pHpzc value decreased upon incorporation of iron in the SC support. This variation could be
attributed to the higher amount of acidic oxygen surface functional groups induced by the presence
of iron, which could be beneficial for the CWAO reaction [10].

The iron phase in the FeSC sample obtained by XRD measurement was the same as the result we
got in the Chapter 2 (Fig. 3-2). Compared with the diffractogram of the pure SC and SC-A samples,

the XRD pattern for FeSC exhibited several extra diffraction lines at 20 equal 35.52, 62.62 and 30.1¢.
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These lines could respectively be assigned to the (311), (440) and (220) planes of FesO4 (magnetite,
JCPDS n°88-0866).

400 1. Magnetite - Fea0a4
2. Quartz - Si0O2
3. Aluminum Oxide - Al203

300
2 3 FeSC

L 1
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Fig. 3-2. XRD patterns of FeSC, SC and SC-A.

3.3.2. CWAO of 2-chlorophenol over the different catalysts

The wet air oxidation of 2-CP, in absence of any catalyst, was shown to be very slow. Upon reaction
at 120°C under 0.9 M Pa oxygen partial pressure, 6% 2-CP conversion was achieved via thermal
decomposition at the very beginning of the oxidation reaction (t=0). After 24 hours of reaction, the
2-CP and TOC removal were lower than 15% (Fig. 3-3), indicating that the 2-CP molecule was
thermally stable under the applied reaction conditions.

The 2-CP molecule was observed to adsorb on the SC based catalysts. The initial adsorption, before
the introduction of air (t=0), accounted for ca. 3% after subtraction of the 6% 2-CP conversion due
to thermal decomposition. The untreated SC sample appeared to be only moderately active in the
CWAQO of 2-CP. After 24 hours of reaction, the 2-CP conversion was only 50% and TOC abatement
reached 39%.

After acidic treatment (HCI1 + HF), the 2-CP adsorption increased up to 9%. This observation could
be simply explained by the higher specific surface area of the SC-A sample compared to the initial
SC (33 vs. 19 m? g!). On the contrary, the catalytic activity de creased upon r emoval of the ash
fraction. The initial reaction rate decreased from 0.4 to 0.1 mmol2-cp geatalyst h™'. The much smaller
amount of iron in the treated sample (0.4 vs. 4.5 wt.%) could be responsible for this difference.
After incorporation of iron on t he SC support, a substantial increase of the 2-CP conversion was
observed. The complete removal of 2-CP could be reached within 5 ho urs of reaction. The initial

reaction rate was calculated to be 3.0 mmola-cp geatalyst' h™!, which was almost 7 times higher than the
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rate measured on t he untreated S C, while the iron c oncentration in the catalyst was only tripled.
Compared with the classical Ru/ZrO: catalyst [ 18], which is known as a kind of high efficient noble
metal cat alyst, t he F eSC cat alyst d isplayed higher catalytic activity u nder identical r eaction
conditions. As shown in Fig. 3-3B, the TOC removal also remarkably increased upon addition of the
FeSC catalyst, reaching 91% at the end of the reaction (24 hours). By comparison with the evolution
of the 2-CP conversion, it could be deduced that the mineralization of the 2-CP molecule was not
complete and occurred at a slower rate. Several partially-oxidized intermediates formed upon 2-CP

degradation and appeared to be resistant towards further conversion to carbon dioxide.
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Fig. 3-3. Evolution of the 2-chlorophenol conversion (A), the TOC removal (B) and the pH (C)
upon wet air oxidation (WAO) of 2-CP over FeSC (A), SC (®), SC-A (v*) and Ru/ZrO2 (¥) or in
the absence of catalyst (1)

(0.5 g catalyst, 120°C, Po2: 0.9 MPa, 1300 rpm, 150 mL [2-CP]o=2g'L").
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Furthermore, as the decomposition of 2-CP occurred, the pH of the reaction mixture decreased from
an initial value of 5.5 to very acidic values (Fig. 3-3C). This increase of the acidity of the reaction
mixture could be attributed to (i) the production of HCI as a result of the initial dechlorination of the
2-CP molecule; and (ii) the formation of some small chain organic acids such as maleic acid, succinic
acid, formic acid and oxalic acid, as detected by HPLC (Fig. 3-4). Some aromatic intermediates, such
as 4 -chloroesoreinol, ¢ hlorohydroquinone ( CIHQ), ¢ atechol a nd hydr oquinone ( HQ), w ere a Iso

detected.

40

g
o 3
p T g g
3 g
= T -
E s =
= g 3
g 2t ¥ £ 3
c 2% - [4 o
7] y o =1 o I
= oo B - g
= 2 2 o o o
il 32 3 = b
I 3 L
_"""'J i M M i — 1 f?J}‘_ N
0 5 10 15 20 40 60

Time (min)
Fig. 3-4. Typical intermediates detected by HPLC (Column: 100 x 4.6 mm, Phenomenex, Kinetex
2.6 um PFP 100A, Mobile phase: 4 vol. % MeOH & H20 (pH = 2.0 justed by H3POs4,), Flow rate:

0.6 mL'min"!, Column temperature: 40°C) upon catalytic wet air oxidation of 2-chlorophenol.

3.3.3. Effect of the reaction temperature on the activity of FeSC

The reaction temperature is an important parameter affecting the CWAO of organic compounds. In
our study, the effect of reaction temperature on the CWAO of 2-CP over FeSC catalyst was studied
by running the reaction at 105, 120, 135 and 150°C.

As shown in Fig.3-5A, the increase of the reaction temperature accelerated the conversion of 2-CP.
When the reaction was carried out at 105°C, 12 h were required to reach complete conversion of 2-
CP. When the reaction temperature increased to 150°C, total 2-CP conversion could be achieved
within 1.5 h.

The apparent activation energy could be deduced from the Arrhenius plot as shown on Fig. 3-6. The
apparent activation energy for the CWAO of 2-CP over FeSC was calculated to be ca. 51 kJ/mol.
Joglekar et al [21] reported that the activation energy for the non-catalytic WAO of 2-CP was about
145 kJ/mol. Obviously, the FeSC catalyst could efficiently decrease the reaction activation energy

and significantly accelerate the elimination of 2-CP.
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Fig. 3 -5B aIso sh owed t hat t he T OC r emoval ef ficiency i ncreased as t he r eaction t emperature
increased, since m ore and m ore r efractory i ntermediates could b e ¢ ompletely o xidized as t he
temperature increased. For example, Gallezot et al. [22] reported that the activation energy for the

CWAQO of acetic acid over Ru/C was as high as 101 kJ/mol.
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Fig. 3-5. Evolution of the 2-CP conversion (A), the TOC removal (B) and the pH (C) upon catalytic
wet air oxidation (CWAO) of 2-CP at different reaction temperature: 105°C (¥),120°C (A), 135°C (
@), 150°C (m) (0.5g catalyst, 5 MPa, 1300 rpm, 150 mL [2-CP]Jo =2g/L).
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Table 3-2 Effect of temperature on the CWAO of 2-CP over FeSC

Temperature (K) Reaction rate mol/(h- geatar) Ea (kJ/mol)
423 4.7
408 1.9
51
393 1.3
378 0.8

It is clear that higher temperatures favored the CWAO of 2-CP. However, the pH of the solution also
decreased s harply w hen increasing t he t emperature (Fig. 3-5C). S uch c onsequence w ould ¢ ause
severe corrosion problems for the reactor. A dditionally, higher temperatures usually mean hi gher
operating costs. On the other hand, to be able to detect the reaction intermediates, slower reactions
are preferred. Finally, to evaluate the effect of other operating parameters, it is required to operate the
reaction under chemical control. Therefore, 120°C was chosen as the optimum temperature for the

subsequent studies of the CWAO of 2-CP over the FeSC catalyst.
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Fig. 3-6. Evolution of the initial 2-CP conversion rate as a function of temperature (105 - 150°C)
upon CWAO of 2-CP over FeSC: Arrhenius plot

3.3.4. Heterogeneous vs. homogeneous reaction

Considering the very low pH achieved at the end of the reaction, the leaching of metal (Fe, Al and Ca
et al.) was suspected. Therefore, the concentration of iron, as the most notably catalytically active

metals [1], in the liquid phase at the end of the reaction (24 hours) was systematically measured. As
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shown in Table 3-3, 27 mg L™ of iron was detected in the reaction mixture after reaction over the
FeSC system, which corresponded to ca. 7 wt.% of the total amount of iron initially incorporated in
the FeSC catalyst. Significant amounts of metallic ions were also detected in the liquid phase upon
reaction over different catalysts based on t ransition metals such as Cu, Zn, Mn, Ni [2,24,25]. For
example, Santos et al. [25] have studied the catalytic wet air oxidation of phenol with a commercial
copper-based catalyst (Cu-0203T) in fixed bed reactors (FBRs), at 140 °C and at 16 bar of oxygen
pressure. 100 ppm Cu was detected at the end of reaction when the initial pH was 3.5. T herefore,

leaching is a major issue when using transition metal oxide based catalysts under acidic conditions.

Table 3-3. Iron leaching upon catalytic wet air oxidation (CWAO) of 2-chlorophenol over different
catalysts (120 °C, Po2: 0.9 MPa, 1300 rpm, 150 mL [2-CPJo =2g'L"!, 0.5g catalyst).

Iron concentration in the reaction mixture Percentage of iron leached in the
Sample after 24 h solution after 24 h
(mg'L) (Wt.%)
FeSC 27.0 7
SC 0.8 0.5
SC-A 3.8 29
100 |
80
9
= 60F
S
@
Z 40
3
o
Q 20t
o™
ok

0 2 4 6
Reaction time (h)

Fig. 3-7. 2-CP conversion attained by heterogeneous: 0.5g FeSC (M) and homogeneous reaction:
hot filtrate from 0.5 g FeSC system after 10 min reaction (®) (120°C, Po2: 0.9 MPa, 1300 rpm, 150
mL [2-CPJo =2g'L").
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To de termine the c ontribution of the homogeneous phase reaction, 0.5 g FeSC catalyst was first
introduced into the reaction mixture for 10 min, after that the hot reaction mixture was filtrated in
order to remove any catalyst particle. The reaction was then continued in the absence of any solid
catalyst. From Fig. 3-7,1t is observed that the conversion of 2-CP continues, even a fter the hot
filtration, indicating that part of the active phase which has been leached into the reaction mixture is
active in the homogeneous phase reaction. Indeed, although after hot filtration, the reaction preceded
the same as that in the absence of hot filtration, that is when the catalyst is maintained in the mixture
all along during the reaction. The 2-CP conversion profiles are similar in these two systems.

To further check the contribution o f the ho mogeneous phase reaction, the e volution of the 2-CP
conversion as a function of time was studied at different catalyst loading (Fig. 3-8A).

We observed first that the amount of 2-CP adsorbed on the FeSC catalyst surface increased while
increasing t he cat alyst dosage. At “zer o’ t ime, af ter su btraction o f't he t hermal d ecomposition
contribution, adsorption was accounted for 4.5, 6.5 and 8.1% of the 2-CP removal in the presence of
1.0, 1.5 and 2.0 g L' catalyst, respectively. The average 2-CP adsorption capacity of the FeSC catalyst
was calculated to be ca. 60 mgz-cp Zeatalyst .

The iron concentration in the filtrate was systematically measured after 10, 30 and 60 minutes by
ICP-OES. Fig. 3-8B shows the relation be tween the instantaneous reaction rate at 10, 30 a nd 60
minutes of reaction (expressed as per unit of time and per unit of volume), and the amount of iron
detected in solution at the same time. T he linear variation between those two p arameters cl early
indicated that (i) the reaction definitively occurred in the homogeneous phase since the initial reaction
rate did not correlate with the amount of catalyst but with the volume of the reaction mixture and (i1)
the reaction was strongly dependent on the iron concentration in the liquid phase.

To explain further the irreversible leaching of iron in the solution, the potential taken by the reaction
mixture w as sy stematically m easured as a f unction o f'time and recalculated w ith respect to the
standard hy drogen electrode (SHE). A ccording to the pH and the potential of each liquid sample
shown in the Pourbaix diagram (Fig. 3-8C) [26], we could find that the most stable form of iron in
the aqueous phase all along the reaction would be Fe(II). This result could be explained by the low
solubility of oxygen in water under the applied reaction c onditions (ca. 0.2 g L ') and the rapid
consumption of oxygen, resulting in anoxic conditions in the liquid phase. Noteworthy, the potential
of t he s olution i ncreased s lightly a s t he r eaction pr oceeded, i ndicating t he F e(II) ¢ ould be
progressively converted to Fe(III). Considering the excellent redox property of Fe(Il), the formation
of free radicals, such as alkyl p eroxy radicals, oxyge n r adicals and h ydroxyl r adicals w ould be
promoted [2,27,28] and the CWAO reaction could be initiated.

Since the leached iron existed as Fe?" in the liquid phase, according to Equation 3-3:
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Fe?* + 20H" <> Fe(OH), (Equation 3-3)

The ion product data (IP) for Fe** and OH" was calculated as follows:

IP = [Fe’"] [OH ] (Equation 3-4)

The IP value got by curvilinear regression analysis was 1.39x107%¢, and good correlation coefficient
(R? =0.9900) was gotten. It should be noted that the solubility product constant (Ksp) for Fe(OH)2
was 3.16x 107'4[29]. T herefore, w hen unde r t he s ame pH ¢ ondition, the di ssolved f errous i ron
concentration i n t he F eSC sy stem is m uch lower th an th e v alue g ot f rom th eoretic s olubility
calculation, i ndicating t he us ing of S C s upport c ould s tabilize t he iron and reduce t he 1 eaching
problem. Furthermore, from the result of curve fitting, in order to meet the EU discharge standards
for Fe (<2 ppm) [30], the solution pH need to be kept higher than 3.29.

Conclusively, the 2-CP conversion in the homogeneous phase, the pH of the solution and the amount

of iron leached in the reaction mixture were shown to be interconnected.

3.3.5. Minimization of the iron leaching

Based on t he first results presented above, the minimization of the iron leaching from the FeSC
catalysts upon CWAO of 2-chlorophenol clearly appeared as a key point. Since the iron leaching was
shown to be mainly driven by t he acidic conditions generated during the initial 2-CP de gradation
process, the pH of the reaction mixture was tentatively controlled following different approaches; i.e.
adjusting the initial pH of the reaction mixture or using a buffer solution to keep the pH constant all
along the reaction.

Alkaline agents, such as NaOH, are often used to neutralize the acids produced upon treatment of
chlorinated organics via supercritical water oxidation [31] or wet air oxidation [32]. In our study,
NaOH was used to adjust the initial pH value of the reaction mixture from 5.6 to 10.0. The results are
shown in Fig. 3-9A. In the absence of any catalyst, the 2-CP conversion after 24 hours of reaction
increased from ca. 14 to 68% and the TOC abatement increased from 7 to 40% when NaOH was
initially added into the solution. These results are similar to what was reported by Pintar et al [33] in
the WAO of substituted phenols (p-chlorophenol, p-nitrophenol) in the absence of any catalyst. It was
concluded that, when the pH value is hi gher than the pKa values of the substituted phenol, the
phenolate anions (ArO") will yield phenoxy radicals (ArO-) which are considered to be much more

reactive than the protonated form (ArOH) [32]. In our case, 2-CP would also yield phenoxy radicals
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since the pKa ofthe 2-CP molecule is 8.6. However, al most no ad ditional catalytic activity was
observed under such reaction conditions in the presence of the FeSC catalyst (64% 2-CP conversion
and 42% TOC removal after 24 h). While, the iron concentration in the liquid at the end of the reaction
was only 0.7 mg L', i ndicating t hat t he ¢ ontribution from t he ho mogeneous r eaction ¢ ould be
somehow ne glected. This could be the main explanation for the much lower performances of the

FeSC catalyst under alkaline conditions.
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Fig. 3-8. Contribution of the homogeneous phase reaction. (A): 2-CP conversion during the first 2h
of reaction in the presence of different concentration in FeSC; (B): Correlation between the 2-CP
conversion rate and the amount of iron leached in the reaction mixture; (C): Pourbaix diagram for

iron and evolution of the potential and pH of the reaction mixture as a function of time; (D):

Correlation between the solution pH and the amount of iron leached in the reaction mixture; [120°C,
Po2: 0.9 MPa, 1300 rpm, 150 mL [2-CPJo =2g'L"!, catalyst dosage: 1.0 g L"! (m), 1.5 g L"! (®) and

20gL1(A)]

The addition of a buffer solution to the reaction mixture was tested as a second attempt to avoid the
iron leaching. Firstly, the impact of a 40 mM phosphate buffer (pH = 6.8) was investigated. The
amount of iron leached after 24 h reaction markedly decreased down to 0.4 ppm. However, compared
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to the experiment performed in the absence of any catalyst, no extra 2-CP conversion or TOC removal
could be observed over the FeSC catalyst (Fig. 3-9B). A posteriori, this inhibition of the catalytic
activity in the presence of the phosphate buffer was tentatively related to the poisonous e ffect of
phosphates ont he i ron oxi de ¢ atalyst w ith the f ormation of i ron phosphate ¢ helates [34].

Conclusively, the phosphate buffer was not appropriate in this specific case.
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Fig. 3-9. Evolution of the 2-CP conversion upon wet air oxidation (WAO) in the absence of any
catalyst (M) or in the presence of the FeSC catalyst (?) and with the initial addition of NaOH to
pH=10.0 (A) or in the presence of a 40 mM phosphate buffer at pH=6.8 (B) or in the presence of a
50 mM acetate buffer at pH=4.5 (C) (120°C, Po2: 0.9 MPa, 1300 rmp, 150 mL [2-CPJo =2g'L"!,
catalyst dosage: 2.0 g L").
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Alternatively, an acetate buffer (pH = 4.5) could be reliably used to control the pH since acetic acid
was shown to be refractory towards wet air oxidation up to 200°C [35]. The results are presented on
Fig. 3-9C.

In the absence of any catalyst, the 2-CP conversion and the TOC removal after 24 h reaction didn’t
change too much by the using of acetate buffer, ca. 17% 2-CP conversion and 8% TOC removal (the
effective TOC removal was calculated after subtracting the TOC content due to the acetate buffer).
When the FeSC catalyst was introduced, the 2 -CP conversion was 42 % and the TOC abatement
reached 33% atthe end of the reaction. In comparison with the results obtained when the same amount
of FeSC catalyst was used but in the absence of any buffer (almost complete decomposition of 2-CP
and 90% TOC abatement), a detrimental effect of the acetate buffer was observed. Nevertheless, the
amount of iron leached in the filtrate at the end of reaction decreased from 30 to only 0.9 ppm in the
presence of the acetate buffer. Furthermore, the contribution of homogeneous phase containing 0.9
ppm iron in the solution was also checked, and no further CWAO catalytic activity was observed.

In conclusion, the use of the acetate buftfer (pH = 4.5) could e ffectively help to prevent the iron
leaching while preserving part of the catalytic activity of the catalyst. From a practical point of view,
although the TOC content of the acetate buffer is high (ca. 4.5 g L") and the acetic acid is refractory
towards further oxidation the implementation of such a buffer for the treatment of 2-CP via CWAO
might still be viable since ac etic acid is non toxic and would e ven b e e asily bi odegraded in a

conventional wastewater treatment plant.

3.3.6. Stability tests

It is known that dissolved iron in the effluent could generate an unwanted secondary pollution. To
prevent such type of environmental damage, the iron leached upon CWAO was tentatively recovered
at the end of the reaction via pH adjustment (precipitation) before filtration of the solid catalyst. At
the end of each experiment, the reactor was cooled down to room temperature, opened to the air and
NaOH was finally added to adjust the pH to neutral values. T he catalyst was then recovered by
filtration, washed with distilled water and dried at 105°C over night before being used again in a new
run. Bernat et al. [36] revealed that the iron recovery efficiency strongly depends on the pH since it
strongly impacts on the iron (III) retention. In our case, the iron concentration in the filtrate decreased
to 0.24 ppm when the pH was increased to 5.2 and no iron leaching at all was ever detected (<0.1
ppm) at pH value higher than 6.0. T herefore, pH = 6.0 was chosen for the FeSC catalyst recovery

before any subsequent re-utilizations.
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Fig. 3-10. Evolution of the 2-CP conversion (A), the TOC removal (B) and the pH (C) upon wet air
oxidation (WAOQO) of 2-CP while recycling a 0.3g sample of the FeSC catalyst (120°C, Poz: 0.9 MPa,
1300 rpm, 150 mL [2-CPJo =2g'L"}, 15! run (), 2™ run (@), 3" run (A), 4" run ()]

Four successive runs were carried out using the same catalyst sample after recovery (recycling) but
without implementing any buffer. As shown on Fig. 3-10, even after 4 runs, the 2-CP conversion and
the TOC removal were still very high. Only a small decrease in activity was observed between the

first run and the subsequent ones. Furthermore, an initial induction period appeared from the second
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run. From the evolution of the pH during the reaction, we could deduce that in subsequent runs the
pH decrease was not as sharp as in the first run. This observation is consistent with the differences
observed in the amount of the iron which is leached after 1 or 24 hours of reaction (Table 3-4). It
could be proposed that the induction period was somehow related to the formation of Fe(OH): or
Fe(OH)s precipitates on the c atalyst s urface upon pH a djustment, w hich w ould s lower t he i ron
transfer from the F eSC c atalyst into t he s olution upon r ecycling. T his obs ervation w ould a gain
confirm that, in the absence of any control on the pH, the reaction would mainly proceed in the

homogeneous phase and mostly depend on the iron concentration in the reaction mixture.

Table 3-4. Iron leaching upon successive batch experiments (120°C, Po2: 0.9 M Pa, 1300 rpm, 150
mL [2-CPJo =2g-L).

Reaction after 1 h Reaction after 24 h
Catalyst
Run Fe
" dosage Fe leached  Fe leached Fe leached
ime L1 pH leached pH
(g'L7) (mg'L™) (Wt.%) (Wt.%)
(mgL™)
1 2.00 12 5.0 2.6 30 13 2.1
2 1.96 2.0 0.9 4.3 32 14 2.2
3 1.78 0.4 0.2 43 40 19 2.3
4 1.58 1.3 0.7 4.5 34 18 2.2

3.3.7. Reaction intermediates

Fig. 3-11 shows the evolutions of the concentrations of 2-chlorophenol and the different reaction
intermediates we could identify upon CWAO of 2-CP over the FeSC catalyst. These intermediates
have be en c lassified in two di fferent gr oups: t he | ow m olecular weight acids and the aromatic
compounds, which ones were only detected in trace amounts.

As reported earlier, the dechlorination reaction also appeared in the present study as the first and
essential step in the 2-CP decomposition route [37]. Chlorhydric acid was the only reaction product
accumulating in the liquid phase all along the reaction. As shown in Fig. 3-11, 93% of the chlorine
atoms in the 2-CP molecule are released in the reaction mixture as HCl by the end of the reaction.
However, two different regimes might be differentiated. Up to t=1h, the accumulation of HCI in the

reaction mixture was very rapid and the pH dropped drastically, indicating that in the first step of the
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reaction the chlorine atom on t he aromatic ring was removed and released in the solution as HCL
After one hour, the formation of HCl markedly slowed down. In this later period, HCI probably

originated from partially oxidized chlorinated intermediates.
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Fig. 3-11. Concentration profiles of 2-CP and the identified intermediates formed during the
catalytic wet oxidation of 2-CP over FeSC (2 g L! FeSC, 120°C, Po2: 0.9 MPa, 1300 rpm, 150 mL
[2-CPJo =2g L).

The concentrations of the different aromatic by-products reached a m aximum at different reaction
times before being totally oxidized by the end of the reaction ( Table 3-5). The selectivity at the
maximum was cal culated b ased on the number o f carbon atoms. T he selectivity o f al | ar omatic
intermediates was very low, indicating that (i) under the applied reaction conditions, most of the 2-
CP molecules are directly mineralized and (ii) the oxidation o f these aromatic intermediates took
place very rapidly.

Compared with the aromatic intermediates already reported in the literature upon CWAO of phenol
and 2-CP [18,38], the major differences came from the absence of any 2-chloro-p-benzoquinone (2-

CIBQ) a nd be nzoquinone ( BQ) detected in our s tudies. A ccordingt o the literature, t hese
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intermediates would form upon oxi dation of chloro-hydroquinone (CIHQ) and hydroquinone (HQ)
even at room temperature under atmospheric pressure [28]. However, it is also reported that these
intermediates are v ery e asily o xidized into s maller a cids [39]. T herefore, w e de duced from our
observation that 2-CIBQ and BQ, if they would form, would decomposed too rapidly in our reaction
conditions to be detected.

As shown in Fig. 3-11, some other short chain acids were also detected, such as formic acid, oxalic
acid, succinic acid and small amounts of maleic acid. The time at the maximum concentration for
these a cids appeared to b e d elayed co mpared t o t he a romatic intermediates, o ffering an ex tra

indication that they are produced in a second step only from the aromatic ring opening.

Table 3-5. The maximum selectivities in the different reaction intermediates calculated on a carbon

basis.

Intermediate Formula Maximum time (h) Max selectivity (%)
Chlorohydroquinone  C¢H3(OH)2Cl 1.70 54
4-Chloroesoreinol CeHs02C1 1.77 3.7

Catechol CsH6O2 2.12 2.8

Hydroquinone C6He6O6 2.33 5.6

Maleic acid C4H404 2.37 0.6

Formic acid CH202 2.82 353

Oxalic acid C2H204 3.60 10.2

Succinic acid C4HeO4 3.63 6.3

Moreover, although many different intermediates have been considered, the carbon mass balance was
not complete and some reaction intermediates remained unidentified. From the difference between
the measured and the calculated TOC values, we obtained a maximum discrepancy in the carbon
balance of 26% (Fig. 3-12). This discrepancy only appeared at the end of the reaction, indicating that
some short chain carboxylic acids remained unidentified or that they were inappropriately quantified.
Finally, from the identified reaction products, a simplified reaction pathway for the degradation of 2-
CP upon C WAO over FeSC was proposed (Fig. 3-13). In the first step, the 2-CP molecule was
predominantly dechlorinated and both dechlorinated aromatic intermediates and HCI were produced.
The 2-CP molecule might also be partly oxidized before dechlorination occurs and partly-oxidized
chlorinated aromatic intermediates were generated. Further oxidation of the aromatic intermediates
led to ring opening and short chain carboxylic acids were formed. At last, all oxidized intermediates

gradually converted into CO2 and H20.
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Fig. 3-12. Evolution of the measured (M) and calculated (®) TOC values as a function of time upon
catalytic wet air oxidation of 2-CP over the FeSC catalyst (0.3g FeSC 120°C, Po2: 0.9 MPa, 1300
rpm, 150 mL [2-CPJo =2g/L).
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3.4. Conclusions

Although the catalytic wet air oxidation of phenol using heterogeneous transition metal catalysts has
been extensively studied in the literature, little attention has been paid to the use of thiskind of
catalysts for the treatment of 2-chlorophenol. In this work a sewage sludge derived carbon supported
iron oxide catalyst (FeSC) was prepared and used in catalytic wet air oxidation of 2-chlorophenol.
After 24 h r eaction, high 2-CP conversion and TOC removal could be reached even at moderate
reaction temperature (120°C) and 1ow oxygen partial pressure (0.9 MPa). However, iron leaching
rapidly occurred upon decrease of the pH, promoting the activity in the homogeneous phase. The pH
evolution essentially resulted from the release of HCI after dechlorination of 2-CP and the formation
of small chain carboxylic acids at the end of the reaction. Much attention was paid to the iron leaching
and different attempts to prevent the iron leaching were tested, such as the use of alkaline reagents or
buffer solutions. The iron leaching could be kept at a negligible level by controlling the pH, but a
significant decrease of the catalytic activity was observed at the same time. A mong the different
approaches, the use of the acetate buffer was successful in minimizing the iron leaching while keeping
some catalytic activity.

Therefore, the use of this type of catalyst in the CWAO of 2-CP has to be carefully considered. The
iron leaching would indeed require an additional treatment before discharge. In our study, the iron
could be recovered by adjusting the pH to neutral pH at the end of the reaction. Only a very slight

catalyst deactivation was observed upon successive batch experiments.
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Chapter 4
Catalytic ozonation of antibiotic sulfamethoxazole in aqueous solution

over a Mn-g-C3N4 modified Sewage sludge-based activated carbon

4.1. Introduction

In recent years, a huge amount of pharmaceutical compounds are produced and distributed annually
[1]. After medication, approximately 50-90% of these administered drugs are excreted from animal
body without undergoing metabolism. The disposed pharmaceutical compounds have been detected
in di fferent water e nvironments in a range of ng/L to pg/L [2]. Among all the p harmaceutical
pollutions, sulfonamides ( SAs) ha ve be en 1 dentified m ost f requently, due t o t heir w idespread
consumption, low biodegradability, and hydrophilcity. Toxicity induced by these antibiotics or their
metabolites can h ave p otential h ealth i mpacts o n aq uatic an imals an d h umans [3,4]. A s a
consequence, it is necessary to remove these sulfonamides compounds from water drastically. Among
all the reported technologies, advanced oxidation processes (AOPs) have already been considered as
the m ost a ppropriate o nes for this task. C atalytic o zonationis anew AOPs technology, w hich
employed a useful catalyst to decompose dissolve ozone or to oxidize the pollutant compound [5].
According t o | iteratures, act ivated car bon an d Mn co ntaining o xides ar e cl assical cat alysts i n
ozonation reactions [6-8].

Graphitic carbon nitride (g-C3N4) material, which presented graphite like sp>-bonded C-N structure
(Fig. 4-1) [9], has recently received a great deal of attention. To date, g-C3N4 has been extensively
applied in di fferent fields, i ncluding phot ocatalytic [10,11], hydr ogen pr oduction [12,13], b ase
catalysis [14,15] and so on. The graphitic structure and the presence of so-called “nitrogen pots” with
abundant melon moieties in g-C3N4 were considered as p otential ideal sites for the heteroatomic
doping of substituent atoms or metal oxides, such as Fe, Co, Fe3O4, CuO. The modified g-C3Ns-based
catalysts with enhanced activity mainly used as photocatalysts [16-18]. To the best of our knowledge,

the chemical doped g-CsN4 materials have never been applied as effective ozonation catalysts so far.
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Fig. 4-1 An idealized g-C3N4 sheet.

In this chapter, g-C3N4 was employed as the template and host to synthesize Mn oxide nanoparticles
(NPs) via a one-pot in-situ method. The synthesized Mn oxide NPs modified g-C3N4 catalyst (Mn-g-
C3Na) catalysts were structurally characterized by SEM, EDX mapping, XRD, FTIR and TEM. The
catalytic ozonation activity of Mn-g-C3Na4 was also investigated by using Sulfamethoxazole (SMZ)
as target pollutant. It is known that he bulk g-C3Na4 materials generally have very low surface areas
(<10 m? g'! [19]), which may limit its adsorption capacity for the organic pollutant. Considering the
sewage sludge-based activated carbon (SBAC) presents high surface area and large pore volume, in
this s tudy, the S BAC was us ed a s s upport for t he Mn-g-C3N4 to s ynergize t he oxi dation a nd
adsorption properties. Degradation kinetics of SMZ by using Mn-g-C3N4/SBAC composite catalysts
were determined. The antioxidant properties and catalytic stability of Mn-g-C3N4+/SBAC catalyst was

also checked.

4.2. Experimental

4.2.1 Chemicals

The dewatered sewage sludge was still obtained from the Lie De municipal wastewater treatment
plant in G uangzhou, C hina. T he melamine a nd sulfamethoxazole (SMZ) were p urchased from
Shanghai Aladdin Reagent Company. The Physicochemical properties of SMZ were listed in Table

4-1. All of the chemical reagents were of analytical grade purity and used without further purification.

Deionized water was used for all experiments.
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Table 4-1. Physicochemical properties of Sulfamethoxazole [20]

Molecular Solubility
‘ Width Length Depth Acid
Structure Formula weight at 25°C
(nm) (nm) (nm) pKa
(g/mol) (g/L)

Qp “ﬂ’o
Q’S\HA/)‘ Ci10H11N303S 25328 0.71 1.33 0.58 <1.0 5.7
HsN

4.2.2. Synthesis of the catalysts

Manganese oxide nanoparticles modified g-C3N4 composite catalysts were prepared via a o ne-pot
method. 2.0 g m elamine and desired amount of manganese acetate tetrahydrate was grinded in a
mortar. The resulting mixture was transferred into a crucible, and pyrolyzed under N2 (40 mL min™")
in a horizontal furnace at 550°C for 4 h (heating rate: 3 °C min™"). Afterwards, the pyrolyzed sample
was washed with deionized water for several times. Then the sample was dried at 105°C overnight
and grinded to less than 200-mesh size.

g-C3N4 modified with different amounts of manganese oxide is denoted as X%Mn-g-C3N4 (shown in
Table 4-2), where X, ranging from 0 to 40, is used to note the Mn content in the composite catalyst.
Pure g-C3Ns was also synthesized though a polycondensation process under the same conditions by

only using melamine.

Table 4-2. Preparation conditions for Mn-g-C3N4 catalysts

Sample Melamine (g) Manganese (II) acetate tetrahydrate (g)
2-C3N4 2.000 0
10%Mn-g-C3N4 2.000 0.583
20%Mn-g-C3N4 2.000 1.402
30%Mn-g-C3N4 2.000 2.633
40%Mn-g-C3N4 2.000 4.697

The S ewage s ludge-based act ivated car bon (SBAC) was prepared by means o f ZnCl> chemical
activation-pyrolysis-carbonization. 100 g dried sewage sludge was impregnated into 250 mL 5 mol/L
ZnClz solution under stirring overnight. Then the slurry was dried and heated in a programmable tube
electric furnace under nitrogen flow at 650°C for 1 h (heating rate: 20 °C/min). After cooling down
to room temperature, the sample washed with 3 mol/L hydrochloric acid solution to remove metal
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ions and then rinsed with deionized water until the pH was constant. Then the product was dried at

105°C, and grinded to less than 200-mesh size.

Table 4-3. Preparation conditions for Mn-g-C3N4/SBAC catalysts

Sample SBAC (g) Melamine (g) Manganese(II) acetate tetrahydrate
Mn-g-C3N4/SBAC; 1.000 0.142 0.049
Mn-g-C3N4/SBAC2 1.000 0.285 0.097
Mn-g-C3N4/SBAC;3 1.000 0.569 0.194
Mn-g-C3N4/SBACs 1.000 0.853 0.290

And then the prepared sewage sludge-based activated carbon (SBAC) with large surface area was
used a s t he s upport for M n-g-C3Na4 to p repare ¢ omposite ¢ atalyst ( Mn-g-C3N4/SBAC). F or the
preparation procedure, the SBAC powder, melamine and manganese (II) acetate tetrahydrate were

mixed homogeneously, and then synthesized though a polycondensation process under 550°C.

4.2.3. Characterization of the catalysts

The prepared catalysts were characterized with XRD, FTIR, SEM-EDX mapping and TEM. The

instruments used and testing conditions were the same as described in the Section 2.2.2 in Chapter 2.

4.2.4. Catalytic ozonation experiments

Experiments were carried out in a batch ozone oxidation system as shown in Fig. 4-2. Ozone was
generated from an ozone generator and delivered into glass reactor through a sand core aerator from

its bottom. The ozone system was stably controlled at least 30 min before experiment.

4.2.5. Analytical methods

The concentration of SMZ was measured by high performance liquid chromatography ( Shimadzu
LC-15C), using a UV-detector (SPD-10AV) set at 265 nm. The HPLC system was equipped with a
Wondasil C18 (4.6x150 mm, Shimadzu GL) column. The analysis was carried out with an aqueous
solution containing 30 vol.% methanol and 70 vol.% water. 85 wt.% H3PO4 was used to acidified the

mobile phase to 2.5. The flow rate was 1.2 mL-min™' at 30°C.
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The pH of the solution was measured with a PHS-3C pH meter (Rex Instrument Factory, Shanghai,
China). The chemical oxygen demand (COD) was measured with potassium dichromate method. The

metal concentration in the liquid samples was further analyzed by ICP-OES to check for lixiviation.

3 4 6
1-High-pressure oxygen tank; 2-Ozone generator;

3-Online ozone concentration detector;
4-Stirring hot plate; 5-Reactor; 6-2% KI solution

Fig. 4-2 Diagram of ozone oxidation system
4.3. Results and discussion
4.3.1. Characterization of Mn-g-C3N4 catalyst
As shown in Fig. 4-3, the color of the catalyst will changes from yellow to be a little green, when

manganese (II) acetate tetrahydrate was added during the synthesis of catalyst, indicating the changes

of physicochemical properties for the Mn containing catalysts.

g-CiNy Mn-g-C3N4

Fig. 4-3. Photos of g-C3N4 and 10%Mn-g-C3Na catalysts

This speculate can be confirmed by the SEM micrographs of g-C3N4 and 10%Mn-g-C3N4 catalysts
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(Fig. 4-4). After Mn species are impregnated in the g-C3Na4 support, the shape of the catalyst layer
changes significantly. Furthermore, EDX mapping were performed to check the distribution of loaded
Mn on t he surface of Mn-g-C3Ng4 catalyst. From Fig. 4-5, we could found that the Mn containing
particles are almost uniformly distributed on the g-C3Nas support.

Mn-g-C3/N4 Mn-g-C3/N4: C mapping | Mn-g-C3/N4: N mapping f{Mn-g-C3/N4: Mn mapping

CKal2 Mkal_z

Fig. 4-5. EDX mapping of C, N and Mn elements for g-C3N4 and 10%Mn-g-C3N4 catalysts.

Elemental analysis results (listed in Table 4-4), revealed that the g-C3sN4 and M n-g-C3N4 catalyst
present similar C, N and H elements containing, and the C/N molar ratio are 0.68 and 0.70 for g-C3N4
and Mn-g-C3Ng catalyst, which are very closed to the theoretical value of g-C3Na (0.75).

The X-ray diffraction (XRD) patterns of the g-C3N4 catalysts with different Mn content are presented
in Fig. 4-6. The (1 0 0) and (0 0 2) peaks located around 26=12° and 27° were observed for all the

catalysts, which are corresponding to in-plane structural packing motif of tri-s-triazine units and the
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interlayer stacking of aromatic segments, respectively [21]. Furthermore, the intensity of the (0 0 2)
peak remarkably decreases with the increasing of Mn content in the catalysts, indicating a host-guest

interaction and an inhibition of polymeric condensation by excessive Mn species.

Table 4-4. The content of C, N and H element in g-C3N4 and Mn-g-C3N4 catalysts

Sample C (wt.%) N (wt.%) H (wt.%) C/N ratio
g-C3N4 343 59.3 1.8 0.68
Mn-g-C3N4 33.15 55.6 1.5 0.70

Intensity (a.U.)

20 %

p"qﬂwHMM#hUW*“"““ﬂﬂﬂﬁﬂﬁmmwwuhhwwuwwwﬁE;ﬁL

0 20 30 40 50 60
20 (deg)

Fig. 4-6. XRD patterns of Mn-g-C3N4 with different Mn content.

When the Mn content increased to as high as 40 wt.%, peaks located at 26=32.9°,45.2° and 55.2° were
observed, which could be assigned to the (2 2 2), (3 3 2)and (4 4 0) planes of Mn203 particles (JCPDS
41d-1442). The average size of the Mn203 crystallites was calculated to be 5.2 nm from the major
diffraction peak (2 2 2) using Debye-Scherrer’s formula.

The interlayer spacing of Mn-g-C3Nj attributes to (0 0 2) peak was calculated by Bragg equation [22]:

d=—"
2sin0

(Equation 4-1)
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As shown in Table 4 -5, the calculated in terplanar d istance o f th e aromatic units d ecreased w ith
increasing Mn content. This is attributed to the presence of a small tilt angularity in the structure [23].
Thus, we could deduce that the Mn species were coordinated to the g-C3Ns host successfully. In the
subsequent experiments, 10% Mn-g-C3N4 was ch osen for the o ther ch aracterization and catalytic

ozonation activity test.

Table 4-5. Bragg angle and interlayer spacing of the Mn-g-C3Na.

Sample 20 for (0 0 2) plane (deg) d spacing (A)

2-C3N4 26.983 3.30
10%Mn-g-C3N4 27.374 3.26
20%Mn-g-C3N4 27.443 3.25
30%Mn-g-C3N4 27.569 3.23
40%Mn-g-C3N4 27.580 3.23

Fig. 4-7 shows the FTIR spectra of the g-C3N4 and Mn-g-C3Nj catalysts. The sharp band at 807 cm’!
gives strong evidence of the characteristic absorption peak of triazine units. Several strong bands
located in the 1200-1600 cm™! range are found, which corresponds to the typical stretching modes of
aromatic C-N heterocycles. Additionally, the broad band at 3100-3500 cm™! range may be related to
the characteristic stretching vibration modes of -NH group [24-26].

g-C3N4

Intensity (a.u.)

| Mn-g-C3N4

L 1 L 1 L 1 L 1 L 1 L 1 L
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’")

Fig. 4-7. FTIR spectra of g-C3N4 and Mn-g-C3Na.

The FTIR absorption bands and corresponding metal loaded compounds for g-C3Na4 and Mn-g-C3N4
were listed in Table 4-6. C ompared to g-C3N4, the adsorption assigned to C-N and C=N groups
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stretching in the 1200-1600 cm™ range became weaker for the FTIR spectra of Mn-g-C3Ny. In
additional, a luminescence peak at 2163 cm™ may be related to the stretching mode of C=N [27].
These phenomena indicate that some of the triazine units are destroyed partly after the Mn species

was loaded.

Table 4-6. The FTIR absorption bands of g-C;N4 and corresponding Mn loaded compounds.

Wavenumber (cm™) Functional group
807 Out-of plane bending modes of C-N heterocycles
1247,1327,1407 Aromatic C-N stretching
1635 C-N stretching
31003500 Stretching modes of terminal NH, or. NI.-I groups at the defect sites of the
aromatic ring
2163 C=N stretching when coordinated nitrile in Metal-CN complexes
2925 and 2850 C-H stretching

In order to further confirm the chemical state of Mn species in the Mn-g-C;N, catalysts. g-C3Ny
and Mn-g-C3;Ny catalysts were characterized by TEM. As shown in Fig. 4-8A, the TEM image of
pure g-C3N4 shows a sheet-like morphology. The crystal lattice fringes with d-spacing of 0.329 nm
can be assigned to the (002) crystallographic plane of g-C3;N4. For the Mn modified sample, the
Mn, O3 nanoparticles (NPs) are dispersed on the layered structure of g-C3Ny in the form of single
particles or small particles aggregates (Fig. 7B). The fringes spacing was measured to be 0.271 nm,
which is corresponded to (222) lattice plane of Mn,O3 (JCPDS 41-1442). The diameters of Mn,03
NPs in Mn-g-C3Ny4 are about 4.5 nm, which is quite similar to the value predicted by XRD. Thus, it

could deduce that the g-C3;Ny4 can act as substrate for loading of Mn,O3 NPs.

g-CaN4 -l
0.329m (002) ¢ . g-CaNi &
i B 3 0.326 hm (002) >
NN 3 Mn:z03 "'--’:‘
S 5=0.271 nm(222)." %
o QR :
. N 5 nm
e \ R N N 3
i Eels ,ﬁ".,:x.‘ g : --\.‘;"'{}.\2*‘ Sal

Fig. 4-8. TEM images of g-C5N,4 (A) and Mn-g-C;N, catalysts (B).
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The Mn content, sp ecific surface area and p Hpzc of g-C3N4 and M n-g-C3N4 catalysts w ere al so
investigated (Table 4-7). Compared with the pure g-C3N4, the loaded of Mn203 NPs increased the
Sser and pHrzc of the catalysts.

Table 4-7. Physicochemical properties of g-C3N4 and Mn-g-C3Na catalysts

Sample Metal content (wt.%) Sget (m? g'!) pHrzc
g-C3Ny - 9.3 6.4
Mn-g-C3N4 10.7 24.0 7.5

4.3.2. Evaluation of the catalytic ozonation activity of Mn-g-C3;N4 catalysts

The catalytic ozonation activity of g-C3N4, Mn-g-C3N4 and commercial Mn2O3 NPs were ascertained
by monitoring the degradation of SMZ. The results were presented in Fig. 4-9. When g-C3N4 was
used as ozonation catalyst, only 67.1% of SMZ was removed after 60 min oxidation, no significant
enhancement of SMZ removal was observed. By comparison, 95.1% of SMZ was decomposed using
Mn-g-C3N4. Furthermore, the removal efficiency of SMZ was improved by 15.2% by using Mn-g-
C3N4 compared to that of single Mn2O3 NPs. Hence, Mn203 NPs loaded on g-C3N4 support, allowed

the oxidative removal of pollutants from wastewater by ozonation to proceed more efficiently.

1.0 —a—03
—A— g-C3N4 + O3
08k —— Mn203 + O3
: —0— Mn-g-C3N4 + O3
0.6 -
L\)(3
O 04}
021
0.0

o 20 40 60
Reaction time (min)

Fig. 4-9. Degradation of SMZ through adsorption and catalytic ozonation by using O3 and different
catalysts (Mn-g-C3Na4: 1.0 g/L, g-C3N4: 1.0 g/L, Mn203: 0.154 g/L; Cos: 2.0 mg/L; 200 mL 50mg/L
SMZ; initial pH 5.3; reaction temperature: 18°C)
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4.3.3. Influence of reaction conditions on the activity of Mn-g-C3N4 catalyst

4.3.3.1. Effect of agitation speed

Heterogeneous catalytic ozonation of SMZ solution is a gas-liquid-solid reaction, the agitation speed
may has some influence on external mass transfer. As shown in Fig. 4-10, agitation speeds higher
than 750 rpm didn’t lead to any improvement of the SMZ removal rate, indicating the external mass
transfer resistances are negligible when the agitation speed was kept higher than 750 rpm. As a result,

remaining experimental runs were carried out with the agitation speed fixed at 750 rpm.

10 —0— 125 rpm

—A— 250 rpm

0.8+ —»— 500 rpm

—am— 750 rpm

06k —o— 1000 rpm

QO

O 04
02+
0.0}

0 20 40 60

Time (min)

Fig. 4-10. Effect of agitation speed on the degradation efficiency of SMZ through adsorption and
catalytic ozonation (Cos: 2.0 mg/L; Mn-g-C3Na: 1.0 g/L; 200 mL 50mg/L. SMZ; initial pH 5.3;

reaction temperature: 18°C)

4.3.3.2. Effect of Mn-g-C3N4 catalyst dosage

In order to avoid the use of excess catalyst, it is necessary to find out the optimum dosage for the
efficient application. The effect of catalyst loading on the degradation of SMZ was carried out from
0 to 2 g/L. Fig. 4-11 shows the effect of various catalyst dosages on the removal rate as a function of
the reaction time. It seems that the removal efficiency of SMZ increased when the catalyst loading
increases from 0 to 1.0 g/L. However, when the catalyst dosage increased from 1.0 to 2.0 g/L, the
degradation r ate d idn’t i ncreased s ignificantly. As s hownin Fig. 4 -12, t he initial r ate of S MZ
conversion was kept constant when the catalyst dosage increased from 1.0 g/L to 2.0 g/L. Hence, 1.0

g/L of Mn-g-C3Nj catalyst was found to be optimum dosage.
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Fig. 4-11. Effect of catalyst dosage on the degradation efficiency of SMZ through adsorption and
catalytic ozonation (Cos: 2.0 mg/L; 200 mL 50mg/L SMZ; initial pH 5.3; reaction temperature:

18°C)
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Fig. 4-12. Evolution of the initial rate of SMZ conversion as a function of the catalyst dosage (Cos:

2.0 mg/L; 200 mL 50mg/L SMZ; initial pH 5.3; reaction temperature: 18°C)

4.3.3.3. Effect of initial SMZ concentration

Fig. 4-13A presents the degradation of SMZ with different initial concentration (ranged from 25 to
200 ppm) as a function of reaction time. And the corresponding removal rate was shown in Fig 4-
13B. The removal rate decreased with the increasing of initial SMZ concentration.

The apparent decomposition rate, robs of SMZ in the ozonation reaction can be written as below [28]:
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Tobs = kobs [03 ]06 [CSMZ]ﬂ (Equation 4-2)

Where [ O3] is the concentration of dissolved ozone in the liquid phase (mg/L), [Csmz] is the SMZ
concentration at the be ginning of ozonation reaction (mmol/L), o and B are the reaction orders of

ozone and SMZ.

A 200
€ 150F
o
RS>
c
S 100}
o
b=
S sl
) I %
O
40 e 80
Time (min)
(B)
1.0+ —m— 25 ppm
—0— 50 ppm
08l —A—100 ppm
’ —3>— 150 ppm
—4— 200 ppm
0.6
<
O 04+
02}
0.0+
0 20 40 60
Time (min)

Fig. 4-13. The degradation of SMZ with different initial concentration (A) and corresponding
removal efficiency (B) (Mn-g-C3N4: 1.0 g/L; O3: 2.0 mg/L; 200 mL SMZ; initial pH 5.3; reaction
temperature: 18°C)

The dependence of the decomposition rate on SMZ concentration was shown in Fig. 4-14. We could
find that the SMZ removal rate was 0.46 order with respect to the initial SMZ concentration by
nonlinear fitting. T his m eans t he r eaction i s s omehow c ontrolled by t he a dsorption of the SMZ

molecule since the Mn-g-C3Na catalyst surface is not fully saturated with the SMZ molecule.

97



gl rx10°=9.183x[CyI** _4a
€ -
S 7
€ 6} [1/ -
?Q e
e s
Y Ve
Qo s
8 4 7
T /
€ f
2 L 1 L 1 L 1 L 1
0.0 0.2 04 0.6 0.8
Concentration of SMZ (mM)

Fig. 4-14 Correlation between the SMZ concentration and initial reaction rate

4.3.4. Characterization of Mn-g-C3N4/SBAC composite catalysts

According to the results shown in the previous section, increase the concentration of SMZ on t he
surface of catalyst is beneficial to the ozonation of SMZ. Considering the low specific surface area
of Mn-g-C3Ny catalyst (Sser=24.0 m?/g), the sewage sludge-based activated carbon (SBAC) with
large surface area was employed as the support for Mn-g-CsNa, the prepared composite catalyst was
labeled as Mn-g-C3N4/SBAC. As presented in Fig. 4-15, the color of Mn-g-C3N4/SBAC composite
catalyst is a little gray compared to the SBAC support.

Sewage sludge SBAC Mn-g-C3N4-SBAC

Fig. 4-15. Photos of dry sewage sludge, sludge-based activated carbon and the Mn-g-C3N4 and
SBAC composite catalysts.

The SEM images of the SBAC support and the Mn-g-C3N4/SBAC composite catalyst were shown in
Fig. 4-16. The surface morphology of the synthesized Mn-g-C3N4/SBAC seemed to be smooth, which
probably due to presence of the sheet-like morphology of the Mn-g-C3Na. Furthermore, the successful
loading of Mn-g-C3N4 on the SBAC support was also confirmed by the results of EDX mapping.
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Mn mapping Mn:mapping

Fig. 4-16. SEM images and EDX mapping of C, N and Mn elements for SBAC and Mn-g-
C3N4/SBAC composite catalysts.

The structure of as-prepared samples was further investigated by powder XRD. In Fig. 4-17, for the

XRD pattern of Mn-g-C3N4/SBAC, a new peak at 27° is indicative of (0 0 2) interlayer stacking of g-
Cs3Ns structure, indicating that Mn-g-C3Na is well dispersed on the surface of SBAC.
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Fig. 4-17. XRD patterns of SBAC and Mn-g-C3N4/SBAC composite catalysts.

Fig. 4-18 shows the FTIR patterns of SC, SBAC and Mn-g-C3N4/SBAC composite catalysts. All the
peaks and their corresponding functional groups were listed in Table 4-9. Compared to the pristine
SBAC, the peaks at 1400 and 2930 ecm™! disappeared, which attribute to the C-OH and C-H stretching.
And new peaks located at 1566 cm™ was observed, which is ascribed to C-N functional group in g-

C3Na. These results further confirmed that the Mn-g-C3N4 was successful anchored on t he SBAC

surface.

| Mn-g-C3Ns-SBAC

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’')

Fig. 4-18. FTIR patterns of SC, SBAC and Mn-g-C3N4/SBAC composite catalysts.
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Table 4-9. The FTIR absorption bands of sewage sludge-based carbon derived catalysts

Wavenumber (cm™) Functional group
<800 Inorganic components

1045-1084 Si-O-Si and Si-O-C stretching
1350-1460 C-OH stretching
1240-1650 C-N stretching
1500-1900 C=0 and C=C stretching
2830-2980 C-H stretching
3400-3450 O-H stretching
3100-3500 N-H stretching

4.3.5. Catalytic ozonation activity of Mn-g-C3:N4/SBAC composite catalyst

In order to determine the optimal loading of Mn-g-C3N4 on the SBAC support, a series of Mn-g-
C3sN4/SBAC composite ¢ atalysts w ith di fferent ] oading a mount were pr epared, a nd t heir
physicochemical p roperties w ere presented in T able 4 -10. We c ould find t hat the S Ber of t he
composite catalysts decreased significantly with the increasing of Mn-g-C3N4 loading, which may

affect the SMZ adsorption ability of the catalyst in ozonation reactions.

Table 4-10. Physicochemical properties of SBAC and Mn-g-C3N4/SBAC composite catalysts.

Theoretical Mn-g-C3N4

Sample Yield (%) Mn (wt.%) Sser (m?/g) pHrzc

content (wt.%)

SBAC 0 84.9 - 480.4 4.5
Mn-g-C3N4/SBAC; 10 76.1 1.3 450.6 6.4
Mn-g-C3N4/SBAC2 20 69.2 2.5 3594 6.6
Mn-g-C3N4/SBAC3 30 65.6 3.7 283.7 6.8
Mn-g-C3N4/SBAC4 40 59.7 5.1 120.8 7.2

The Langmuir-Hinshelwood model was used for the comparison of catalytic ozonation activity of

these composite catalysts [29.30]:

_d_C__ kKabsC E . 4 3
di 1+K,C (Equation 4-3)
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where r is the rate of degradation for the SMZ molecules (mol L™! min™'), k is the rate constant (mol
L' min"), C is the concentration of SMZ (mol L"), and Kags is the dynamic Langmuir adsorption
constant (L mol ™).

The L-H model also can be expressed as Equation 4-4, which is an equivalent expression applied for

the evaluation of k and Kads values.

1

" %JF KK, C, (Equation 4-4)
where 1o is the initial rate, Co is the concentration of SMZ at the beginning of catalytic ozonation
reaction.

In this study, 0.5 g/L composite catalyst was used in each reaction, the initial concentration of SMZ
ranged from 50 to 200 mg/L. Fig. 4-19 shows the L-H fitted kinetic profiles of SBAC and Mn-g-
C3sN4/SBAC composite catalysts. Good linear relationship between 1/ro and 1/Co was observed for all
the catalysts. As presented in Fig. 4-19F, the Kans decreased with the increasing of loaded Mn-g-C3Na.
These results could be explained by the decreasing of Sger for the composite catalysts. The value of
k increased when more amount of Mn-g-C3N4 was loaded on the SBAC support. However, when the
content of Mn-g-C3N4 in the composite catalyst was higher than 30%, the k va lue didn’t change
significantly. In order to avoid the excess loading, the optimal content of Mn-g-C3N4 was determined
to 30%.

In order to check whether the employed of SBAC support could improve the catalytic activity, the k
value for Mn-g-C3Na catalyst was also evaluated by L-H model. As shown in Fig. 4-20, the rate
constant k was calculated to be 5.74x10 mM/min for Mn-g-C3Ns catalyst. After the Mn-g-C3N4 was
incorporated with SBAC, the k increased to 9.05x 10 mM/min, which was 1.6 times compared to
the no supported Mn-g-C3N4 catalyst. These results show the positive trend by employing SBAC as

support for ozonation catalyst.
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Fig. 4-19. Kinetic parameters calculated according to the Langmuir—Hinshelwood kinetic model by
using different catalysts: SBAC (A); Mn-g-C3N4/SBAC: (B); Mn-g-C3N4/SBAC: (C); Mn-g-
C3N4/SBAC;3 (D); Mn-g-C3N4/SBAC4 (E). k and Kabs for different catalysts (F) (Catalyst: 0.5 g/L,
Cos: 2.0 mg/L; reaction temperature: 18°C)
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Fig. 4-20. Kinetic parameters calculated according to the Langmuir—Hinshelwood kinetic model by

using Mn-g-C3Nj catalyst (Catalyst: 0.17 g/L, Cos: 2.0 mg/L; reaction temperature: 18°C)

4.3.6. Catalytic reusability of the Mn-g-C3;N4/SBAC composite catalyst

Since the antioxidant properties and catalytic stability are important factors for the catalyst used in
AOPs. In this section, 1 g/L of Mn-g-CsN4/SBAC3 was added into 200 mL deionized w ater and
treated with 2.0 mg/L ozone for 60 min. The COD of the filtrate was measured to be 14 mg/L. And
only 0.65 mg/L of leached Mn was detected in this filtrate. In order to determine the contribution of
homogeneous phase reaction, we also tested the catalytic ozonation activity of the filtrate and almost
no cat alytic act ivity w as obs erved (Fig. 4 -21). T hese r esults 1 ndicate that t he cat alyst p resents

satisfying oxidation resistance and limited metal leaching.
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Fig. 4-21. Catalytic activity of the filtrate (Os3: 2.0 mg/L; 200 mL 50 mg/L SMZ; reaction

temperature: 18°C)
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Fig. 4-22. Evolution of the SMZ conversion upon catalytic ozonation of SMZ while recycling the
Mn-g-C3sN4/SBAC catalyst (Mn-g-CsN4/SBACs3: 0.5 g/L; O3: 4.0 mg/L; 200 mL 200 mg/L SMZ;

initial pH 5.0; reaction temperature: 18°C)

The stability of the Mn-g-C3N4/SBAC catalyst was investigated under identical reaction conditions
by using the same catalyst recycled by filtration. As shown in Fig. 4-22, the adsorption ability and
the c atalytic a ctivity o f the Mn -g-C3sN4/SBAC;3; catalyst di dn’t ¢ hanged s ignificantly up to four

consecutive cycles.

4.4. Conclusions

In this chapter, a novel Mn doped graphitic carbon nitride catalyst (Mn-g-C3N4) was synthesized via
a polycondensation process under elevated temperatures. And then the sewage sludge-based activated
carbon (SBAC) with large surface area was used as the support for Mn-g-C3N4 to prepare composite
catalyst (M n-g-C3sN4/SBAC). Ther esultso fXR D, F TIR, S EM-EDX mapping and T EM
characterization revealed that the synthesized Mg-g-C3Na presented a graphitic-like structure with the
triazine unit as the primary building block. The loaded Mn presented as Mn203 nanoparticles and
well dispersed on t he g-C3N4 support. The catalytic ozonation of the antibiotic sulfamethoxazole
(SMZ) solution in the presence of Mn-g-C3N4 catalyst was investigated in a 1aboratory scale batch
reactor. The results indicated that adding Mn-g-C3Na4 catalyst into the ozonation reactor could greatly
accelerate the rate of SMZ degradation. When the agitation speed was fixed at 750 rpm, and the dose
of ozone in the inlet gas was controlled constant at 0.4 m g/min throughout the experiment, a fter
adsorption for 30 min and oxidation for 1 h, the removal efficiency of 50 mg/L SMZ could increase

from 61.6% to 95.1% by using 1 g/L Mn-g-CsNs catalyst.
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The study showed that the Mn-g-C3N4+/SBAC composite catalyst prepared by s olid-state r eaction
method c ould result in the uni form di spersion of M n-g-C3N4 on the framework o f SBAC. The
degradation of SMZ by us ing M n-g-C3N4/SBAC composite c atalyst f itted w ell with Langmuir-
Hinshelwood model. C onsidering the r eaction r ate and the utilization of 1oaded Mn-g-C3N4, the
optimal content of Mn-g-C3N4 was decided to be 30%. The catalytic activity of the composite catalyst
was about 1.6 times compared with the no supported Mn-g-C3N4 catalyst, indicating the positive trend
by employing SBAC as support for ozonation catalyst. The composite catalyst also exhibited very
good inoxidability, limited Mn leaching and good stability since the activity almost remained constant

over four consecutive runs.
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General conclusions

In this thesis, sewage sludge derived carbon was employed as the support of composite catalysts. The

catalytic performance of the prepared catalysts was evaluated in heterogeneous Fenton-like reaction,

catalytic w et a ir ox idation pr ocess a nd c atalytic o zonation, respectively. T he m ain w ork and

achievements in this thesis are as follows:

(@)

Sewage sludge derived carbon (SC) was employed as the support of iron oxide containing
catalyst (FeSC). The chemical changes during the preparation of catalysts by pyrolysis were
monitored upon TGA-FTIR analysis. The catalysts were characterized in terms of inorganic
elemental composition, XRD, SEM-EDX and XPS. The results revealed that the impregnated
iron was existed as F €304 in the FeSC catalyst and almost uniformly distributed on the SC
support. The Fenton-like oxidation efficiency of acid orange II (AOII) over FeSC catalyst was
tested. The results showed that the highest discoloration efficiency of 100 mg/L AOII could be
achieved by using 2.0 g/L FeSC catalyst pyrolyzed at 800°C for 2 h, 15.0 mM H20x. after 1 h
adsorption and 2 h heterogeneous Fenton-like oxidation, almost complete discoloration and 74
% mineralization were achieved. And only 0.37 mg/L iron was detected in the filtrate at the end
of the reaction. The stability test carried out in an integrated membrane-heterogeneous Fenton-
like catalytic continuous reactor (MHFR) for 600 min indicated that FeSC presents both a high
catalytic activity and a long-term stability. Compared to some commercial iron oxides such as
a-Fe203, Fe3Os, y-FeOOH, and w ood s awdust-based carbon supported iron oxide c atalyst
(FeWC), F eSC e xhibited be tter pe rformance in di scoloration of AOII. T he hi gh inorganic
components content in sewage sludge, such as SiO2 and Al2O3, was concluded to have strong
correlations with the high catalytic activity of FeSC. It was found that the removal of inorganic
fraction remarkably decreased the catalytic activity of iron-containing catalyst. The insertion of
Si0O2 favors the increase in catalytic activity due to the formation of both hydrogen bonds
between H20:2 and siloxane bridges and the acidic microenvironment near the surface of silica
phase. While the addition of Al2O3 in sewage sludge as basic sites can facilitate the degradation
of H202, and the characteristic of Lewis acidity of alumina can accelerate the reduction of Fe**

to Fe?* by H20.
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(i)

(iii)

The performances of the Fe3Os and SC composite catalyst (FeSC) in the Catalytic Wet Air
Oxidation (CWAOQ) of 2-chlorophenol (2-CP) was assessed. When a batch reaction operated at
120°C under 0.9 M Pa oxyge n partial pressure (50 bar total pressure), an almost complete
decomposition of 2-CP was achieved within 5 hours, and 90% Total Organic Carbon (TOC)
abatement was obtained after 24 hours of reaction. The activation energy for the CWAO of 2-
CP in the presence of FeSC was calculated to be 50 kJ/mol, much lower than that of no catalytic
reaction (140 kJ/mol). Quite a straight correlation was observed between the pH of the reaction
mixture, the amount of iron leached in the solution and the 2-CP conversion at a given reaction
time. Without controlling the pH during the reaction, 30 ppm iron could be detected in the liquid
phase at the end of the reaction. When the acetate buffer (pH = 4.5) was added into the reactor,
the iron leaching could be kept lower than 1 ppm while keeping some catalytic activity. This
approach could be considered as an option to solve the leaching problem of transition-metal

catalyst in practical applications.

A novel Mn oxide nanoparticles modified graphitic carbon nitride catalyst (Mn-g-C3N4) was
synthesized via a one-pot in-situ method. The results of XRD, FTIR, SEM-EDX mapping and
TEM ch aracterization r evealed t hat t he sy nthesized Mg -g-C3N4 presented a gr aphitic-like
structure with the triazine unit as the primary building block. The loaded Mn compound doped
in the electron-rich g-C3N4 mainly presented as Mn203 nanoparticles. The catalytic ozonation
activity o f M n-g-C3N4 was investigated by the removal o f t he an tibiotic su Ifamethoxazole
(SMZ) in water. The results indicated that compared to pure g-C3N4 and commercial Mn203,
the Mn-g-C3N4 catalyst showed the highest activity.

In order to improve the adsorption capacity of SMZ, the Mn-g-C3N4 was further support on the
sewage sludge-based activated carbon (SBAC) with large surface area. The degradation of SMZ
by using Mn-g-C3N4/SBAC composite catalyst fitted well with Langmuir-Hinshelwood model.
Considering the reaction rate and the utilization of loaded Mn-g-C3Na4, the optimal content of
Mn-g-C3N4 was decided to be 30%. The catalytic activity of the composite catalyst was about
1.6 times compared with the no supported Mn-g-C3N4 catalyst, indicating the positive trend by
employing SBAC as support for ozonation catalyst. The composite catalyst also exhibited very
good inoxidability, limited Mn leaching and good stability since the activity almost remained

constant over four consecutive runs.

In the future work, great effects need to make on the practical application and economic evaluation

of sewage sludge derived catalysts.
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ABSTRACT

Sewage sludge-derived char was successfully employed as the support of heterogeneous Fenton-like
catalyst for the first time. Physicochemical properties of the prepared sewage sludge-derived char sup-
ported iron oxide catalyst (FeSC) have been evaluated by XRD, SEM, EDS and N;-adsorption/desorption
analysis. FeSC exhibited better performance in discoloration of AOII than wood sawdust-based carbon
supported iron oxide catalyst (FeWC) both in batch experiment and continuous tests. The high inorganic
components content of sewage sludge was concluded to have strong correlations with the high catalytic
activity of FeSC. To further interpret the co-catalytic effect of inorganic components in sewage sludge,
the inorganic components were removed from the sewage sludge and then a series of catalysts were
prepared by the addition of iron, as well as silica and/or alumina to the sewage sludge free of the inor-
ganic components. It was found that the removal of inorganic fraction remarkably decreased the catalytic
activity of iron-containing catalyst. The insertion of SiO, favors the increase in catalytic activity due to the
formation of both hydrogen bonds between H,0, and siloxane bridges and the acidic microenvironment
near the surface of silica phase. While the addition of Al,03 in sewage sludge as basic sites can facilitate
the degradation of H,0;, and the characteristic of Lewis acidity of alumina can accelerate the reduction

of Fe3* to FeZ* by H,0;.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fenton oxidation, in which hydrogen peroxide is used as oxi-
dant and Fe(II) ions as catalyst, has been proved to be an effective
technology for the treatment of industrial wastewater containing
non-biodegradable organic pollutants [1]. During recent decades,
heterogeneous Fenton and Fenton-like catalysts have attracted a
great deal of interest as they exhibit wider applicable pH range and
can avoid the continuous loss of catalyst compared with the homo-
geneous Fenton process [2]. Many organic and inorganic materials
have been used as catalyst supports by immobilizing iron ions or
iron oxides on them. Among those supports, Nafion membrane
[3,4], activated carbon [5,6], silica [7,8], Al,03 [9,10], zeolite [11],
clay [12] are commonly used. And in recent years, some research
has been carried out to explore the applications of solid waste as
support of heterogeneous Fenton-like catalysts, such as coffee used
grounds [13], rice husk ash [14], fly ash [15], red mud [16] and
SO on.

The disposal of municipal sewage sludge has become one of
the most important environmental problems nowadays [17]. The

* Corresponding author. Tel.: +86 20 84115556; fax: +86 20 39332690.
E-mail address: cesxya@mail.sysu.edu.cn (Y. Xiong).

1385-8947/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2012.01.008

traditional methods of sewage sludge disposal, such as ocean
dumping, landfill and incineration, may cause secondary pollu-
tions to soil, ground water and air [18-20]. Therefore, the resource
utilization of sewage sludge has attracted more and more atten-
tion and some new processes are being developed, such as sewage
sludge composting, pyrolysis and gasification [21-23]. Among
them, pyrolysis is considered as an interesting route since it is effec-
tive in reducing the volume of sludge and producing useful end
products [24].

The solid residue formed during pyrolysis of sewage sludge is
known as ‘sludge-derived char (SC)’ in the literatures [25,26]. Most
of them were used as adsorbents of dyes, phenol and metals in
wastewater treatment [27-29]. It was found that the BET surface
areas of SC obtained from the carbonization alone have never been
reported higher than 400 m?/g, which is much less than that of
usual commercial activated carbon [30], thus SC is not a favorable
adsorbent. Recently, SC was employed as an emerging catalyst sup-
port in aqueous and gaseous reactions. For example, Zhang et al.
[31] used sewage sludge carbon as the support of photocatalyst
TiO, for the removal and recovery of ionic mercury [Hg (II)] from
water. Ansari and Bandosz [32] prepared H,S adsorbents/catalysts
by incorporating calcium oxide into the dried sewage sludge and
waste paper mixture-based carbonization material. However, there
is no report about using SC as the support of Fenton-like catalysts.
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Furthermore, since SC is an inorganic-organic alloyed mixture, it
should have some special behaviors compared with other com-
monly used supports. This situation encouraged us to investigate
the potential of SC as the support of heterogeneous Fenton-like
catalyst.

The aim of this study is to investigate the potential of SC as
the support of heterogeneous Fenton-like catalyst. The catalytic
activity of the prepared complex catalyst FeSC was evaluated by
degradation efficiency of a representative azo dye, Acid Orange
II (AOII). Considering the high ash content of SC obtained after
pyrolyzed at 800 °C, which reaches around 70% as reported [33],
co-catalytic effect of these inorganic components was investigated
in detail.

2. Experimental
2.1. Materials

Dewatered sewage sludge was obtained in June from Lie De
municipal wastewater treatment plant in Guangzhou, China. Pine
wood sawdust was washed thoroughly with deionized water
before use. Commercial activated carbon prepared from coconut
husk was purchased from Tianjin Chemical Reagent Co. Ltd., China.
These three kinds of precursors were dried at 105°C to constant
weight, subsequently ground and sifted through a 100-mesh sieve,
and stored in a desiccator at room temperature.

Analytical grade of ferrous sulfate (FeSO4-7H,0), tetraethyl
orthosilicate (TEOS), anhydrous ethanol, hydrogen peroxide solu-
tion (30%, w/v) and Al,(SO4); were obtained from Guangzhou
Chemical Reagent Company, China. The AOIl was a commercial
dye (Hengrun Dyestuff Chemical Co., Ltd., Guangzhou) and used
without further purification.

2.2. Preparation of the catalysts

Sewage sludge-derived char supported iron oxide catalyst
(named as FeSC) was prepared by one-step method combing syn-
thesis with loading. Firstly, 20 g dried sludge was added into 150 mL
of Fe solution (0.5 mol/L FeSO4, pH =2.5). After the suspension was
stirred for 24 h, it was evaporated in a rotary evaporator at 60 °C,
and then dried at 105 °C for 12 h. Subsequently, the dried solid was
pyrolyzed in a horizontal furnace at 800°C for 2 h with heating
rate of 20°C/min and nitrogen flow of 40 mL/min. The pyrolyzed
sample was washed with deionized water several times until the
conductivity became constant, then dried at 105 °C overnight and
ground to less than 200-mesh. The same procedure was used to
prepare wood sawdust-based carbon supported iron oxide catalyst
(labeled as FeWC), except that 20 g wood sawdust was mixed with
35 mL of FeSOy4 solution (0.5 mol/L, pH=2.5). Commercial activated
carbon supported iron oxide catalyst (FeAC) was prepared by classi-
cal incipient wetness impregnation [34] using 20g ACand 0.1244 g
FeS0O4-7H,0, and also treated in N, flow at 800°C for 2 h. The dif-
ferent amount of materials was used to guarantee all the catalysts
have similar iron content.

To remove the inorganic components in sewage sludge, some
activated sludge mixed liquor was obtained directly from the aera-
tion tank of Lie De, and then was incubated for about two weeks in
laboratory till the ratio of volatile suspended solids (VSS) and total
suspended solids (TSS) was over 85%. Then some suspension was
filtrated and dried. The obtained bacteria powder was suspended in
0.5 mol/L HCl solution for 12 h, subsequently filtrated and washed
with deionized water several times until the pH of the rinse water
was about 6. The ash content of the resulted dry sludge (referred
to as SS-A) was 4.31 wt.%. Then the SS-A was used as precursor
for catalysts preparation. Various amounts of SiO, and Al,03 were

added to the precursor. The name of the catalysts and their prepara-
tion conditions are listed in Table 1. To synthesize SiO,-containing
samples, fixed amounts of ethanol, TEOS and SS-A were stirred and
heated at 80°C for 2 h, then the mixture was dried at 105°C for
12 h, and ground to fine powders (labeled as SiSS-A). After that,
given amounts of FeSO,4 or/and Al,(SO4)3 solution were mixed with
SiSS-A for 24 h, then dried and pyrolyzed as described above.

To evaluate the role of carbon phase, which generated from the
carbonization of sewage sludge, in the heterogeneous Fenton-like
catalytic reaction, FeAlSi catalyst was also prepared without the
addition of any sewage sludge.

2.3. Characterization of catalysts

The average particle size was obtained on MasterSizer 2000
Particle Size Analyzer. The ash contents of catalysts were deter-
mined using a standard method according to ASTM D2866-94.
The pH values of isoelectric point (pHjgp) were determined from
electrophoretic mobility measurements using a zeta potential ana-
lyzer (Zetasizer Nano ZS, Marlven). The specific surface area (Sggr)
was determined with an Autosorb-iQ-MP gas sorption analyzer
(Quantachrome Instruments, USA) by nitrogen adsorption at 77 K.
The chemical state of iron on catalysts were followed by X-ray
diffraction (XRD) using D/max 2200 vpc Diffratometer (Rigaku
Corporation, Japan) with a Cu Ka radiation at 40kV and 30 mA.
Scanning electron microscopy (SEM) images were recorded using a
JEOL]JSM-6330F-mode field emission scanning electron microscope
equipped with an energy-dispersive X-ray (EDX) detector (JED-
2300). X-ray photoelectron spectroscopy (XPS) measurements
were performed using an ESCALAB 250, Thermo-VG Scientific (UK)
system, with Avantage software for data acquisition and analysis.
An Al Ko monochromatized radiation operating at 15kV (150 W)
was used, and the spectrometer, calibrated with reference to Au
4f7/2 (84.0eV), Ag 3d5/2 (368.3eV) and Cu 2p3/2 (932.6eV), was
operated in CAE mode with 20.0 eV pass energy. Data acquisition
was performed with a pressure lower then 10~7 Pa. Spectra analy-
sis was performed using peak fitting with XPS peak 4.1 and Shirley
type background subtraction. Bulk iron, alumina and silica content
of the synthesized samples were measured by inductively coupled
plasma optical emission spectrometry (ICP-OES, optima 5300DV,
Perkin-Elmer).

2.4. Catalytic activity

All the batch experiments were carried out in a glass conical
beaker (250 mL) with a stopper shaken in a thermostatic bath at an
equivalent stirring velocity around 200 rpm at 30°C. In each run,
a given amount of powder catalyst was added into 100 mL AOII
solution. The solution pH was adjusted to 4.0 + 0.1 with NaOH and
H,S04 during the experiments. The samples for determination of
adsorption kinetics were taken at predetermined time intervals
and were analyzed immediately after filtration through 0.22 pm
Millipore membrane filters to remove suspended particles. After
the adsorption/desorption equilibrium was established in 60 min,
60 mL suspension was used for Fenton-like reaction and initiated
by adding 15 mM H;,0, to the solution. Samples were withdrawn
at a given time interval during the reaction and immediately ana-
lyzed after filtration. Each experiment was repeated thrice, the data
points represent the average value and error bars indicate the stan-
dard deviation.

To investigate the lifetime of catalysts, a continuous catalytic
oxidation was conducted in a novel integrated membrane-
heterogeneous Fenton-like catalytic continuous reactor (MFR)
designed by our laboratory. As shown in Fig. 1, the MFR consists
of a reaction tank, a submerged membrane module, a liquid feed
system, an effluent collecting system, and an air bubbling system.
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Table 1

Labels of prepared SC-A based catalysts and specification of their preparation conditions.
Sample SS-A (g) TEOS (mmol) Ethanol (mmol) Fe (mmol) Al (mmol) Fe/Si/Al
FeSC-A 2.5 0 0 3.60 0 1/0/0
SiSC-A 25 3.60 3.60 0 0 0/1/0
AISC-A 2.5 0 0 0 3.60 0/0/1
FeSiSC-A; 2.5 1.80 1.80 3.60 0 2/1/0
FeSiSC-A, 25 3.60 3.60 3.60 0 1/1/0
FeSiSC-A3 2.5 7.20 7.20 3.60 0 1/2/0
FeAISC-A; 2.5 0 0 3.60 1.80 2/0/1
FeAlISC-A; 25 0 0 3.60 3.60 1/0/1
FeAlSiSC-A 2.5 3.60 3.60 3.60 3.60 1/11
FeAlSi 0 3.60 3.60 3.60 3.60 111

The reaction tank was made of polymethylmethacrylate (PMMA). Table 2 ) ) )

An Al,03 ceramic membrane with the bore diameter of 3 m was Physicochemical properties of FeSC, FeWC and the corresponding supports.

used in the submerged membrane module. Before reaction, 2.4L Sample Fe (Wt.%) Ash (wt.%) dy? (um) Sger (mM?/g) pHiep

3 O,

AOII solution (1004mg/L), 48¢g cgtalyst and 36 mmol H2.02 (30%, SC 2901 74.63 23.08 189 257

w/v) were added into the reaction tank. At the same time, two FeSC 12.94 93.01 27.14 143 339

pumps start to supply AOII (100 mg/L) and H,0, (1.02%, w/v) to wC 0.52 459 29.58 10.4 3.09

FeWC 16.24 26.31 26.66 12.1 3.13

the tank continuously. Their flow rate was control to be 20 mL/min
and 1 mL/min respectively. And the third pump was used to con-
trol the flux speed of the effluent from the reactor. The hydraulic
residence time was controlled to be 120 min. The air flow rate was
kept at 5 L/min to hydraulically suspend the catalyst particles and
to clean the membrane surface by the shear force of air bubble. All
experiments were conducted at ambient temperature (23 °C), and
the pH was kept at 4.0 £ 0.1 during the reaction.

2.5. Analytical methods

The pH of AOII solution was measured with a PHS-3C pH meter
(Rex Instrument Factory, Shanghai, China). The concentration of
AOII was analyzed on UV-vis spectrophotometer (UV-3150, Shi-
madzu) with maximum absorbance at 484 nm. H,0, was analyzed
spectrophotometrically by the titanium sulfate method. The leach-
ing concentration of Fe in the solution was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES, optima
5300DV, Perkin-Elmer). The total organic carbon (TOC) of the reac-
tion solution was measured by a TOC analyzer (Shimadzu, Japan).

3. Results and discussion
3.1. Characterization of catalysts
The basic physical and chemical parameters of FeSC are pre-

sented in Table 2. It can be seen that ash content of FeSC is 93.01%,
indicating the catalyst mainly consists of inorganic components,

Membrane module

=
H0,

Fig. 1. Schematic diagram of the submerged MFR reactor.

Diffuser

AOIl  Air pump Effluent

ady, volume average particle diameter.

and only a small amount of carbon. The main inorganic elements in
ash detected by ICP-OES are Fe, Si, Al, Ca, Kand Na, and their weight
contents are 13.91%, 6.78%, 5.48%, 1.22%, 1.08% and 0.30%, respec-
tively. As shown in Table 2, the ash content of SC is 74.63% and the
Fe content is only 3.91%. That means the Fe in FeSC is mainly the
added element during the preparation process of FeSC, while Si and
Al are the native element in original sewage sludge.

The iron chemical state in FeSC was studied by XRD (Fig. 2).
New broad bands at 26 angles of 35.5°,62.6° and 30.1° are distinctly
observed by comparing the XRD pattern of FeSC catalyst with that of
SC. These diffraction peaks are assigned to(311),(440)and (220)
planes of Fe304 crystallite (JCPDS 88-0866), respectively [35,36].
The oxidation state of Fe on the surface of catalysts was also char-
acterized by XPS (Supplementary data, Fig. S1). The binding energy
of Fe 3p was determined to be 56.4 eV, which was ascribable to
Fe304 [37]. According to the results of XRD, other elements, Si, Al,
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3 24
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Fig. 2. XRD patterns of FeWC, FeSC and their corresponding supports.
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Fig. 3. SEM images of FeSC (A) and FeWC (B).

Ca and Na in the forms of SiO,, Al,03, CaSO4 and NaPOs are also
detected in FeSC. It is noteworthy that crystallographic structure of
SiO, and Al, 05 are particularly more recognizable compared with
other oxides due to their higher content in the bulk powder sample
[38]. The SEM micrograph of FeSC is shown in Fig. 3, the morphol-
ogy of FeSC presents roughness surface with “coral type” structure.
In addition, the Fe content on the surface of FeSC measured by
EDS analysis is 15.26%, in agreement with the result obtained by
ICP-OES, therefore, it can be deduced that the Fe304 particles are
almost uniformly distributed in FeSC. The average size of the crys-
talline particles for Fe30, is calculated to be 12.1 nm based on the
Debye-Scherrer formula from XRD study

For comparison, main physicochemical parameters of another
biomass carbon-based catalyst (FeWC) and its corresponding sup-
port (WC) are also determined and listed in Table 2. The Fe content
of FeWCis similar to that of FeSC, however, FeWCis almost free of Si
and Al elements. The BET surface area of FeWCis a little smaller than
that of FeSC. As shown in Fig. 3, the surface morphology of FeWC
presents in the form of plates which come from the carbonization of
the cellulosic materials with small particle size iron oxide dispersed
on them, while FeSC presents a more heterogeneous appearance.

3.2. Catalytic activity of FeSC catalysts

Heterogeneous Fenton-like catalytic activity of FeSC catalyst
was assessed in the term of degradation efficiency of AOII, as shown
in Fig. 4. In adsorption phase, 26.9% of AOII is removed by SC,
while only 22.8% of AOII discoloration is observed in FeSC system.
This indicates that the impregnation of iron oxides can reduce the
amount of AOII adsorbed on catalyst. During a two-hour oxida-
tion process, the AOII degradation in the presence of only H,0, is
almost negligible, and only 21.9% of AOII is removed by SC, indicat-
ing the catalytic activity of SCis very low. The removal of AOII could
mainly be dependent on 3.91 wt.% of Fe in SC. The little amount of
Fe originated from the original sewage sludge exists in the form of
Fe304 and acts as the role of Fenton-like catalyst. As can be seen in
Fig. 4, the degradation efficiency of AOII catalyzed by FeSC locates
at 94.6% after oxidation for 2 h. Therefore, FeSC shows obviously
better catalytic activity than the SC support although it presents
smaller adsorption capacity of AOIIL.

As is known, both the heterogeneous and homogeneous pro-
cesses make contribution to the oxidation of AOII in the systems
with catalysts. So the iron concentration in the liquid phase at
the end of the operation was measured by ICP-OES. The result
shows that, after 3 h of reaction the concentration of Fe in solu-
tion is 0.373 mg/L for FeSC system, and the amount (wt.%) of Fe
lost from the solid never raised above 0.14% as referred to the total
Fe initially incorporated. Meanwhile little amount of Ca, Cu, Mg
and Zn were also detected in the filtrate, their concentrations were

0.813mg/L, 0.029 mg/L, 0.271 mg/L and 0.027 mg/L, respectively.
And the concentrations of Cr, Mn, Ni and Pb were below the detec-
tion limit of ICP-OES. In these conditions some, although relatively
low, contribution of aqueous catalytic reaction may take place. To
determine the influence of homogeneous phase reaction, we also
carried out two homogeneous experiments using Fe(Il) and Fe(III)
at the concentration that was found in the filtrate after the reac-
tion, and the discoloration efficiency of AOII were only 9.7% and
6.2%, respectively. This result suggests that degradation of AOII for
the FeSC-based Fenton-like system could mainly be attributed to
heterogeneous process, not homogeneous phase reaction.

In order to understand the catalytic potential of FeSC more
clearly, a comparative Fenton-like experiment was performed with
FeWC. As shown in curve C of Fig. 4, removal efficiency of AOII
in adsorption phase is 17.8%, a little lower than that of FeSC,
this can be explained by the lower BET surface area of FeWC.
And the discoloration of AOII at the end of oxidation phase for
FeWC is only 66.2%. The apparent rate constants (kap) of AOII
degradation were obtained by fitting the results from 60 min to
180 min shown in Fig. 4 with pseudo first-order kinetic equation,
which has been widely applied by researches for the description
of the heterogeneous Fenton-like oxidation of organic pollutants
[39,40]. As shown in Table 3, very high and good correlation coef-
ficients (R?) were gotten, meaning there is good linear correlation
between In(Co/Ct) and time. The kap for FeSC system was calcu-
lated to be 22.45 x 10-3 min~!, while that for FeWC system was
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Fig. 4. Degradation of AOII through adsorption and oxidation by hydrogen peroxide
and different catalysts: (A) Hy0,; (B) SC+H;0,, (C) FeWC+H,0, (D) FeSC+H,0,
(catalysts: 2.0 g/L; H,05: 15 mM; AOII: 100 mg/L; reaction pH: 4.0 +0.1; and reaction
temperature: 30°C).
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Table 3
Discoloration of AOII with H,0, in the presence of different catalysts.

Sample Discoloration efficiency of AOII (%) Pseudo first-order model parameters
By adsorption, t=60 min By oxidation, t=180 min kap (x10-3 min~1) R?

H,0, 0 5.1 0.44 0.9850
SC 269 48.8 2.98 0.9973
FeSC 22.8 94.6 22.45 0.9972
FeWC 17.8 66.2 7.31 0.9987
SC-A 5.0 11.2 0.57 0.9975
FeSC-A 19.8 51.3 4.21 0.9875
SiSC-A 2.8 8.6 0.63 0.9964
AISC-A 6.6 14.8 0.81 0.9904
FeSiSC-A; 14.2 59.8 6.00 0.9804
FeSiSC-A; 13.8 68.8 8.44 0.9885
FeSiSC-A3 134 80.5 12.41 0.9965
FeAISC-A, 22.1 65.7 6.71 0.9988
FeAISC-A, 39.7 77.7 8.17 0.9870
FeAlSiSC-A 34.8 89.9 15.11 0.9917
FeAlSi 8.5 39.6 3.39 0.9977

only 7.31 x 10-3 min~!, the former was about 2 times higher than
the later. Because the contents and existence forms of Fe in FeSC
and FeWC are similar, the difference of their catalytic activities is
possibly dependent on non-iron inorganic components co-existing
in them.

It is known that reaction intermediates can form during the oxi-
dation of organic dyes, and thus total organic carbon (TOC) removal
was measured at the end of adsorption and Fenton-like oxidation
phases. The results show that TOC removal efficiencies are 25.4%
and 39.1% at 60 min and 180 min for SC, 15.4% and 50.6% for FeWC,
while they are 18.4% and 69.7% for FeSC. Therefore, the conclusions
of TOC removal are similar as for AOIIl degradation, indicating that
FeSC as a heterogeneous Fenton-like catalyst can lead to a fast dis-
coloration of AOII as well as a remarkable mineralization of the
solution.

3.3. Co-catalytic effect of inorganic components in SC

To further investigate the effect of inorganic components in FeSC
on the catalytic performance in Fenton-like reaction, the inorganic
components of sewage sludge was firstly removed and then the
remainder was used as precursor (SS-A) for SC-A and FeSC-A prepa-
ration. The physicochemical data of the prepared SC-A and FeSC-A
are presented in Table 4. The ash content of SC-A and FeSC-A are
only 10.02% and 39.97%, much lower than that of FeSC, and the Al
and Si contents are at micro level. Then the catalytic behavior of SC-
A and FeSC-A was also evaluated in the presence of H,0, at pH 4.0
(see curves B and Cin Fig. 5). After 1 h adsorption and 2 h oxidation,
the discoloration efficiencies of AOII are 11.2% and 51.3% for SC-A
and FeSC-A, much lower than the 94.6% removal efficiency obtained
with the FeSC catalyst. The pseudo first-order degradation kinetic
constant for FeSC-A system is calculated to be 4.21 x 10-3 min~!
(as shown in Table 3), which is also less than that for FeSC. This
experimental result further indicates that the inorganic compo-
nents in the SC have co-catalytic effect on the degradation of AOII
in heterogeneous Fenton-like process.

3.4. Co-catalytic mechanism of inorganic components in SC

As mentioned previously, except for Fe the other inorganic ele-
mentsin SC are mainly Siand Al, which exist in the forms of SiO, and
Al; 03 confirmed by XRD (Fig. 2). Their contents in SC are calculated
to be 22.14% and 16.09%, respectively, being 73.46% of total non-
ironinorganic components. In other words, the co-catalytic effect of
SC compared with WC is possibly mainly originated from the SiO,
and Al,0s3. In order to understand the enhancement mechanism,
a series of Fe-loaded sewage sludge carbon with various SiO, and

Al,03 content as Fenton-like catalysts were prepared by employing
the SS-A as precursor, their physicochemical properties are listed in
Table 4, and their catalytic activities were also determined, respec-
tively. As shown in Table 4, all the modified SS-A based catalysts
present low BET surface area (less than 25.0 m?/g), and the values
are very close to each other.
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Fig. 5. Effect of SiO, content in FeSC on AOII removal (A) and H,0, consump-
tion (B) (the iron concentrations are all 0.2588¢g/L: (A) SiSC-A: 1.6085g/L, (B)
SC-A: 1.2882g/L, (C) FeSC-A: 1.3306 g/L, (D) FeSiSC-A;: 1.2699 g/L, (E) FeSiSC-A;:
1.3251g/L, (F) FeSiSC-As3: 1.4042¢g/L; H,0,: 15mM; AOIl: 100 mg/L; reaction pH:
4.04+0.1; and reaction temperature: 30°C).
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Table 4

Physicochemical properties of different catalysts.
Sample Fe (wt.%) Al (wt.%) Si (wt.%) Ash (wt.%) Sger (M2/g) Zeta potential at pH 4.0 (mV) PHiep
SC-A 1.50 0.13 2.50 10.02 13.7 -17.16 3.13
FeSC-A 19.45 0.06 1.21 39.97 21.1 -16.84 321
SiSC-A 0.93 0.08 13.68 39.32 12.2 —26.44 2.64
AISC-A 0.82 9.66 1.29 28.65 183 -11.81 3.51
FeSiSC-A, 20.38 0.07 6.31 48.89 19.2 —-20.15 3.06
FeSiSC-A, 19.53 0.06 11.09 49.92 16.5 —21.46 2.94
FeSiSC-A; 18.43 0.06 16.28 55.42 13.1 2453 237
FeAlSC-A, 17.24 4.04 1.07 44.92 15.8 -8.16 3.56
FeAISC-A; 16.83 7.88 1.04 45.99 219 -0.85 3.82
FeAlSiSC-A 15.92 7.45 8.70 55.03 17.3 -10.74 2.98
FeAlSi 29.81 14.40 15.01 90.35 6.1 412 5.24

Before comparing the activity of silica and/or alumina incor- T

porated iron-containing catalysts, two blank runs were performed 1.0

to evaluate the ability of SiSC-A and AISC-A to oxidize AOII in

aqueous solutions in the presence of H,0,. Only 8.6% and 14.8% 08l

AOII removal was observed by these two kinds of Fe free catalysts i

through adsorption and oxidation processes under the same con-

ditions as mentioned above. That means neither SiSC-A nor AISC-A 06 2

exhibits any considerable catalytic activity towards the degrada- o L X

tion of AOII by H,0,. 8- 04 X

The change of the AOII discoloration rate with the various con- X

tents of SiO, in catalyst support is presented in Fig. 5 A. The !

comparison was based on the identical amount of iron. It is found 02 !

that increase of degradation rate is followed by the order of FeSiSC- !

A3 >FeSiSC-A; > FeSiSC-A; > FeSC-A, which is consistent with that | ) ! . o

of SiO, content. The changes of H,O, concentration in the liquid 00 IAfjsPr?t'?n_ :. . F_e'?to_n'lllk? C?XIFlalt'O_n .

phase during the experiments (Fig. 5B) follow a parallel trend to the
AOIl oxidation: a better performance is reached when the content of
SiO, in the FeAlSiSC-A catalysts increases. The results further con-
firm that co-catalytic effect of SC partly originates from SiO,-like
inorganic component in it. There are several possible explanations
for the co-catalytic effect of SiO5. Firstly, H,O, can adsorb on SiO,
by hydrogen bonds with the oxygen in siloxane bridges, Si—0—Si
[41] (Fig. 6A), leading to a higher concentration of H,0, on surface
of FeSC then that in the bulk solution and hence facilitating Fenton-
like reaction. Except for siloxane, there is another kind of functional
group on the silica surface, silanol (Si—OH) [42], which undergoes
protonation when the pH values are lower than the pHjgp of SiO,
and deprotonation at pH > pHgp [43,44]. The pHjgp value of SiO; is
widely reported at 2.0-3.5 [44,45], lower than the solution pH in
our experiments. Therefore, H* has an obvious tendency to release
from Si—0—H, and results in the formation of negative charge SiO,
particles and an acidic microenvironment near the catalyst surface
[46], as shown in Fig. 6B. This explanation can be partly evidenced
by the different zeta potential at pH 4.0 of SiO,-containting cata-
lysts that are presented in Table 4, the surface charge became more
negative when the content of SiO, increases. It is known that low
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Fig. 7. Degradation of AOII through adsorption and oxidation in the presence of
Al,05-containting catalysts (the iron concentrations are all 0.2588g/L: (A) AISC-
A: 1.9540¢g/L, (B) FeAlSi: 0.8682¢g/L; (C) FeAISC-A;: 1.5012¢g/L, (D) FeAISC-A,:
1.5377 gL, (E) FeAlSiSC-A: 1.6256 g/L; H,0,: 15mM; AOII: 100 mg/L; reaction pH:
4.040.1; and reaction temperature: 30°C).

pH favors *OH generation and *OH has higher oxidation potential
at pH around 3.0 than that in less acidic solution [47]. Hence it is
possible that the insertion of SiO, can facilitate the adsorption of
H,0, on the catalyst surface and increase the activity to generate
*OH.

The role of alumina phase in iron-contenting samples as hetero-
geneous Fenton-like catalyst were also investigated. As shown in
Fig. 7, the removal efficiency of AOII after the preliminary adsorp-
tion process is 21.1% for FeAISC-A1, 39.7% for FeAISC-A, and 18.2%
for FeSC-A. The different adsorption capacities can be correlated
with the different BET surface area values and different zeta poten-
tial of these three catalysts as shown in Table 4. The pHgp values of

Bulk solution (pH = 4)

Si0:2 particle with
negative surface charge

Fig. 6. H,0, adsorb over siloxane by hydrogen bonds (A) and acidic microenvironment form near the surface of SiO, particle (B).
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Al;03 and SC-A are located at 8.5-10.4 [44] and 3.13, thus the inser-
tion of Al;03 will lead to an increase in pHjgp of the particle, and
presents less negative charge, which can facilitate the adsorption
of sulfonic dye numerator by electrostatic phenomena. In consid-
eration of AOII discoloration, the increase in the content of Al,03
also resulted in a higher AOII degradation efficiency. The pseudo
first-order kinetic constant of AOII oxidation are determined to be
6.71 x 103 min~! for FeAISC-A; and 8.17 x 103 min~! for FeAISC-
A,, respectively. As mentioned before, the surfaces of FeAlSC-A
catalysts are much less negatively charge than that of FeSiSC-A cat-
alysts. Therefore, the pH in microenvironment around the Al,03
particles is almost neutral and not as acidic as that of FeSiSC-A cata-
lysts. It indicates that the co-catalytic mechanism of alumina phase
is different from that of silica phase. For the enhancement mech-
anism of Al,0j3 in the catalyst, Timofeeva et al. [48] demonstrated
that insertion of alumina phase can increase the strength of basic
sites of Fe-containing samples detected with CDCl3 adsorption,
leading to the acceleration of H,0, degradation and the increase
in activity of catalysts. This explanation is in agreement with the
result of our work that insertion of Al,03 can increase the pHgp
of catalyst. Furthermore, alumina as a Lewis acid can attract elec-
tron density from ferric ion, and destabilizing the Fe3* state, then
facilitate the reduction of Fe3* to Fe2* by H,0,, which usually is the
rate-limiting step in the Fenton's reagent chain reaction [49].

SiO, presents lower pHjgp value compared with that of Al,03,
the surface charge of silica-contenting catalyst FeAlSiSC-A at pH
4.0 is lower than that of FeAISC-A, (Table 4), and resulting in
a slightly decrease of AOII adsorption. While as can be seen in
Fig. 7, FeAlSiSC-A shows higher catalytic activity than FeAlSC-A,.
The pseudo first-order degradation kinetic constant is calculated
to be 1.511 x 10~2 min~! for FeAlSiSC-A (Table 3), which is about
1.8 times as much as that of FeAISC-A, and FeSiSC-A,. This exper-
imental result can further indicates the co-catalytic effect of SiO,
and Al, 05 in SC. On the other hand, maybe there is a synergistically
catalytic effect of silica and alumina in FeAlSiSC-A, further research
will be carried out to confirm this hypothesis.

To evaluate the function of sewage sludge-based carbon as sup-
port in heterogeneous Fenton-like reaction, the degradation of AOII
with bare FeAlSi was carried out. The catalyst concentration is
0.8682 g/L for FeAlSi and 1.6256 g/L for FeAlSiSC-A to get the simi-
lar amount of Fe, Al and Si in these two systems. It can be observed
that both the adsorption and oxidation of AOII in FeAlSi system
are less significant than that of FeAlSiSC-A system (Fig. 7). The rate
constant is calculated to be only 3.39 x 103 min~! for FeAlSi using
the pseudo-first-order equation, much lower than that of FeAlSiSC-
A. This comparison suggests that the carbon in FeSC also plays a
very important role in the Fenton-like process. As is known, car-
bon materials are good adsorbents for aromatic chemicals and the
preconcentration of AOII to be oxidized in the vicinity of reactive
centers is considered to be beneficial in many literatures [35,50].
Furthermore, the dispersion of the inorganic oxide within the car-
bon matrix could prevent them from aggregating into clusters
during thermal treatment, and increase the number and properties
of the reaction surface sites.

3.5. Stability of the catalysts

The preliminary evaluation of the stability of the FeSC cat-
alyst was evaluated by AOII degradation in a novel integrated
membrane-heterogeneous Fenton-like catalytic continuous reac-
tor (MFR). For comparison, commercial activated carbon which
has been extensively used as catalyst support in catalytic wet
peroxide oxidation was employed to prepare FeAC catalyst. The
Fe content in FeAC is determined to be 10.35% by ICP-OES, and
the BET surface area is 541.3 m2/g. As shown in Fig. 8, for FeSC
and FeWC, the degradation efficiency of AOII reach around 36%
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Fig. 8. Effect of consecutive experiments with the FeWC (A), FeAC (B) and FeSC
(C) catalysts on the degradation of AOII solution (catalysts: 2.0g/L; H,05: 15 mM;
AOII: 100 mg/L; reaction pH: 4.0 £0.1; reaction temperature: 23 °C; total volume of
reaction solution: 2.4 L and residence time: 120 min).

and 97% at 120 min, respectively, which are then kept constant
until at least 600 min. On the contrary, that for FeAC reaches
93.7% rapidly in the initial 60 min and then decreases with the
operation time, which is only 46.6% at 720 min. It indicates that
FeSC presents both a high catalytic activity and a long-term
stability.

4. Conclusions

A novel heterogeneous Fenton-like catalyst was first success-
fully prepared by employing the sewage sludge-derived char (SC)
as the catalyst support. It was evidenced that the prepared FeSC
catalyst showed better catalytic activity in Fenton-like oxidation of
AOII than that of wood sawdust-based carbon supported iron oxide
catalyst (FeWC). After compared the physicochemical properties of
these two iron-containing catalysts, the presence of inorganic com-
ponents in sewage sludge, mainly SiO, and Al,03, was speculated
to be the main reason for the good catalytic performance of FeSC.
To further confirm this interpretation, the inorganic components in
sewage sludge were firstly removed, and various amounts of iron,
silicaand alumina were added into the treated precursor to prepare
heterogeneous Fenton-like catalysts. It was found that the removal
of inorganic fraction yielded significant deterioration of catalytic
activity. While the impregnation of SiO, and Al, 03 resulted in sub-
stantial promoting effects on discoloration of AOII. The addition
of SiO, will facilitate the adsorption of H,O, due to the formation
of hydrogen bonds between H,0, and Si—O—Si, and increase the
activity of *OH for the formation of acidic microenvironment near
the silica phase. The insertion of Al,O3 as basic sites can facilitate
the adsorption of AOII, activate H,0, degradation and accelerate
the reduction of Fe3* to Fe2* by H,0, due to the Lewis property of
alumina.

The present study suggests that SiO,, Al,O3 and carbon in
sewage sludge-derived char can act as efficient promoters in
heterogeneous Fenton-like reaction. Therefore, more efficient cata-
lysts can be developed by changing the composition and proportion
of inorganic and organic phases in the support.
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Heterogeneous photo-Fenton oxidation of
Acid Orange Il over iron-sewage sludge
derived carbon under visible irradiation
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Abstract

BACKGROUND: The disposal of sewage sludge has become an issue of particular concern due to its continuously increasing
quantity. In this study, sewage sludge derived carbon (SC) was employed as support for iron-oxide-containing catalyst (FeSC).
The catalysts were characterized in terms of inorganic elemental composition, XRD, SEM and TGA-FTIR. The catalytic activity of
the catalyst was evaluated from the discoloration and mineralization of acid orange Il (AOIl) in the presence of H,0, and visible
light.

RESULTS: The FeSC catalyst pyrolyzed at 800°C for 2 h displayed the highest catalytic activity. Almost complete discoloration
and 67% mineralization of 100 mg L~! AOIl were achieved after 30 min adsorption and 60 min oxidation under visible light
irradiation, using 1.5 g L™ catalyst, 15.0 mmol L~' H,0; and initial pH 4.0. The prepared FeSC also exhibited very limited iron
leaching (0.56 mg L~ after 90 min reaction) and high stability since the activity remained constant over ten consecutive runs.

CONCLUSIONS: This study demonstrated the high activity and stability of the sewage sludge-derived carbon-supported iron
oxide catalyst in photo-Fenton-like reaction.
(© 2013 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: sewage sludge; photo-Fenton-like catalyst; visible light; Acid Orange | ; discoloration; mineralization
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INTRODUCTION from high iron-containing fly ash and immobilized FeOOH on the
It is known that water-soluble organic dyes are bio-recalcitrant ~ Precursor, then used it for the degradation of Methyl Orange (MO)
compounds existing with a wide concentration range in effluents dye In the presence of HzOz/sunllght. . ‘
from the textile and photographic industries."? In recent years, It is known that sewage sludge is mainly a mixture of exhausted
extensive research has investigated the use of visible irradiation ~ Piomass generated in the aerobic or anaerobic digestion of the
for the degradation of organic pollutants. It was found that the ~ ©rganic contaminants in municipal sewage along with inorganic
. . . . materials such as SiO,, Al,0s;, Fe,03 and CaO.'" After being
photo-Fenton reaction can be driven with low energy photons in ! ¢

the visible part of the spectrum by enhancing the photo reduction pyrolyzed at high temperature, these oxides will become highly
of Fe3* to Fe2+. This provides a good approach to the treatment thermal stable and could play arole as catalyst or catalyst promoter

- ST e a4 in Fenton reactions.'>'3 Sludge derived carbon (SC) formed
of dye-containing water using visible light or sunlight.> . .
after pyrolysis of sewage sludge have been widely used as an
However, there are some drawbacks of the homogeneous ¢ - 116
photo-Fenton treatment under visible light irradiation, because adsorbent for organic pollutants and heavy metals. Recently,
it leads to high iron concentration in the final effluent so
that the removal of large quantities of ferric hydroxide sludge
is costly in terms of chemicals and manpower.> To avoid
these limitations, some efforts have been made to develop
heterogeneous catalysts for photo-Fenton-like reactions by
immobilizing Fe ions on a suitable substrate. In photochemical a School of Environmental Science and Engineering, Sun Yat-Sen University,
. . . . . Guangzhou, 510275, P. R. China
studies, many inorganic or organic materials have been used

as catalyst supports by immobilizing iron ions or iron oxides b Institut de recherches sur la catalyse et 'environnement de Lyon (IRCELYON),
on them, such as rectorite,6 alumina,7 silica ge|,8 cation transfer CNRS - Université Claude Bernard Lyon 1, 2 Avenue Albert Einstein, 69626,

membranes.’ Recently, development of heterogeneous photo- Villeurbanne Cedex, France

Fenton-like catalysts from solid waste materials has occurred. For ¢ Guangdong Provincial Key Laboratory of Environmental Pollution Control and
example, Liand Zhang'? developed an amorphous FeOOH catalyst Remediation Technology, Guangzhou, 510275, P. R. China
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work centered on the application of sludge derived products as
efficient catalysts has been reported. For example, sewage sludge
based carbon was used in catalytic wet air oxidation of phenolic
compounds,'”'® as a catalyst to enhance the removal of oxalic
acid in ozonation,'® and as the support for a heterogeneous TiO,-
modified photoccatalyst.2’ However, there is no report of SC being
used as supports in photo-Fenton-like catalysts. On the other hand,
since SCisaninorganic—organic composite, it could exhibit specific
properties compared with other commonly employed inorganic or
organic supports. This situation encouraged us to investigate the
potential of SC as support for heterogeneous photo-Fenton-like
catalysts. And a representative azo dye, Acid Orange Il (AOIl), was
used as a model target pollutant in our study.

The objectives of this study were: (i) to synthesize and to
characterize the sewage sludge-derived carbon-supported iron
oxide catalyst (named FeSC); (ii) to investigate the effects of
various operating parameters on the activity of the FeSC catalysts;
and (iii) to evaluate the mineralization of Acid Orange Il (AQOIl) and
the stability of FeSC.

MATERIALS AND EXPERIMANTS
Materials
The dewatered sewage sludge was obtained from the Lie De
municipal wastewater treatment plant in Guangzhou, China. The
sludge was dried at 105°C to constant weight, subsequently
ground, sifted through a 100-mesh sieve, and finally stored in a
desiccator at room temperature. The dried sample was labeled SS.
Analytical grade ferrous sulfate (FeSO4e7H,0) and hydrogen
peroxide solution (30%, w/v) were obtained from Guangzhou
Chemical Reagent Company, China. Ferroferric oxide and
commercial activated carbon prepared from coconut husk were
obtained from Tianjin Kermel Chemical Reagent Co. Ltd, China.
The AOIl was a commercial dye (Hengrun Dyestuff Chemical Co.,
Ltd, Guangzhou) which was used without any further purification.

Preparation of the catalysts

The sewage sludge-derived carbon-supported iron oxide catalyst
(named FeSC) was prepared via a one-step method combining
synthesis of SC with loading of the iron. First, 20 g dried sludge was
added into a 150 mL iron solution (0.5 mol L~! FeSO,, pH = 2.5).
The suspension was stirred for 24 h slowly, evaporated in a rotary
evaporator at 60 °C and dried at 105 °C for 12 h. Subsequently, the
dried solid was pyrolyzed under flowing nitrogen (40 mL min~') in
a horizontal furnace at 800 °C for 2 h (20 °C min~"). Two additional
pyrolysis temperature (600 °C and 700 °C) were also checked. The
pyrolyzed samples were washed with deionized water several
times until the conductivity became constant, then dried at 105 °C
overnight and ground to less than 200-mesh. A sludge derived
carbon (SC) sample, formed after pyrolysis at 800 °C for 2 h, was
also used for comparison.

Characterization of catalysts

The average particle size was obtained using a Malvern MasterSizer
2000 Particle Size Analyzer. The ash content of the catalysts was
determined using the standard ASTM D2866-94 method. The
specific surface area (Sger) was determined using an Autosorb-iQ-
MP gas sorption analyzer (Quantachrome Instruments, USA) via
nitrogen adsorption at 77 K. The isoelectric point values (pHgp)
were determined from electrophoretic mobility measurements
using a zeta potential analyzer (Zetasizer Nano ZS, Malvern).

The iron content in the synthesized samples was measured by
inductively coupled plasma optical emission spectroscopy (ICP-
OES, optima 5300DV, Perkin-Elmer). Scanning electron microscopy
(SEM) images were recorded using a JEOL JSM-6330F field
emission scanning electron microscope equipped with an energy-
dispersive X-ray (EDX) detector (JED-2300). The chemical state of
iron on the catalysts was followed by X-ray diffraction (XRD) using
a D/max 2200 vpc Diffratometer (Rigaku Corporation, Japan) with
Cu Ka radiation at 40 kV and 30 mA. The TGA-FTIR analyses were
performed using a Netzsch TG 209 thermobalance coupled with a
Bruker Vector-22 (Bruker Company, Germany). The samples were
heated from room temperature to 900 °C at a heating rate of
20°C min~" under flowing nitrogen (40 mL min~'). The data were
processed using ‘OPUS 1.0".

Experimental procedures

All batch experiments were carried out in a 1L cylindrical reactor
equipped with a water cooled quartz jacket inserted in the center.
Irradiation was provided by a 150 W short-arc Xe lamp (Sankyo,
Japan) located in the center of the quartz jacket. Short-arc Xe lamp
energy output at 320-780 nm, hence a 420 nm cutoff filter was
used to remove the ultraviolet radiation. Air was bubbled from
the bottom of the reactor (4L min~") to hydraulically suspend
the catalyst particles. The reaction temperature was kept at 30 °C
by a thermostatic bath. The reaction suspension was prepared by
adding a given amount of catalyst into 600 mL ofa 100 mg L~" AOIl
solution. The solution pH was adjusted from 6.8 to a given value
using either NaOH or H,SO4. After the adsorption/desorption
equilibrium was established in the dark for 30 min, 500 mL
suspension was used for the photo-Fenton-like reaction and
initiated by turning on the Xe lamp. According to the Equation (1)

C16H11 NzNaO4S + 42 H202 — 16 COZ + 46 Hzo
+ 2 HNO3 + NaHSO4 (M

12mmol L~! of H,0, are theoretically required to completely
degrade 100 mg/L AOII solution. In our case, 15mmol L~! H,0,
was used toreach the maximum degradation of AOIl. Samples were
taken at predetermined time intervals and analyzed immediately
after filtration through a 0.22 um Millipore membrane filter to
remove any suspended particles. All experiments were repeated
twice and the results given are the average values with a relative
standard deviation of less than 5%.

Analytical methods

The pH of the AOIl solutions was measured with a PHS-3C pH meter
(Rex Instrument Factory, Shanghai, China). The concentration
of AOIl was analyzed using a UV-vis spectrophotometer (UV-
3150, Shimadzu) with maximum absorbance at 484 nm. The Fe
concentrationin the solution was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES, optima 5300DV,
Perkin-Elmer). The total organic carbon (TOC) of the reaction
mixture was measured on a TOC analyzer (Shimadzu, Japan).

RESULTS AND DISCUSSION

Characterization of catalysts

The basic physical and chemical characteristics or properties of
the SC and FeSC samples are presented in Table 1. The average
particle size in volume, BET surface area and pHgp of the SC and
FeSC sample are similar. The ash content in the FeSC sample is c.
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Table 1. Physicochemical properties of SC and FeSC pyrolyzed at
800°Cfor2h

Sample Fe (Wt%) Ash (wt%) dy2(um) Sger(m2g™")  pHigp
SC 3.9 74.6 23 19 3.6
FeSC 129 93.0 27 14 34

2 dy, average particle diameter in volume.
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Figure 1. XRD patterns of the SC and the FeSC sample pyrolyzed at 800 °C.

18.4 wt% higher than that of the SC sample since iron has been
impregnated. The iron content in SC and FeSC, determined by
ICP-OES, was 3.9 and 12.9 wt%, respectively.

The iron chemical state in FeSC was studied by XRD (Fig. 1).
Three broad bands at 35.5°, 62.6° and 30.1° are observed on the
FeSC sample XRD pattern compared with the SC sample XRD
pattern. These diffraction peaks are respectively assigned to the
(311),(440)and (22 0) planes of Fe304 (JCPDS 88-0866).2" The
Fe304 particles were 12 nm in size based on the Debye-Scherrer
formula. According to the XRD results, other elements in FeSC,
such as Si, Al, Ca and Na were present as SiO,, Al;03, CaSO4 and
NaPOs, respectively. The SEM micrographs of SC and FeSC are
shown in Fig. 2. Compared with SC, the surface of FeSC appears
a little more rough. In addition, the Fe content on the surface of
FeSC measured by EDX analysis is 15.3%, in agreement with the
result obtained by ICP-OES. Therefore, it can be deduced that the
iron particles are almost uniformly distributed on the SC support.

In order to characterize the chemical changes which take place
during the pyrolysis process, a TGA-FTIR study was performed. The
TG curves of SS and FeSS are shown in Fig. 3. A larger mass loss
was observed on the TG curve of FeSS between 470°C and 600°C
compared with that of SS. The mass loss of SSand FeSS ended at 550
and 600°C, respectively. As shown on the three-dimensional (3D)
diagrams obtained during the pyrolysis of SS and FeSS (Fig.4(A1)
and (B1)), more visible peaks appeared in the 3D diagram of FeSS
compared with SS, especially in the temperature range from 470°C
to 600°C.

According to Fig. 4(A1), Three main kinds of volatile compounds
were generated during the thermal treatment: H,O (bending and
stretching vibrations at 1350-1700cm™ and 3500-3700cm™),
CO; (asymmetric stretching mode at 2250-2392cm™') and C-H,
(asymmetric vibration of the methylene group at 2250-2392 cm™).
While on Fig. 4(B1), in addition to the three main products

mentioned above, some extra SO, (asymmetric stretching
vibration at 1300-1420cm™’) was observed on the 3D diagram
corresponding to FeSS.

To go further, the evolution versus temperature of the intensity
of the bands associated with CO, (2359cm™), SO, (1375cm™),
C-H, (2933 cm™) and H,0 (1508 cm™) were plotted on Fig. 4(A2)
and (B2). Differences in the evolution of these bands between the
two samples can clearly be observed. The amount of CO; evolved
from FeSS is much higher than from SS. The evolution of SO, from
FeSS is also much better defined and ends around 600°C on Fig.
4(B2).

It is worth mentioning that, in terms of intensities, CO, and
SO, showed equivalent evolutions with temperature as shown in
Fig. 4(B2). This is because the thermal decomposition of ferrous
sulfate produces SOs, which decomposes to SO, and 0,.22 The
O, produced reacts with the carbon support and results in the
formation of CO,. The iron sites trapped into the carbon can then
be exposed, which means that more reactive sites were accessible
for the heterogeneous photo-Fenton-like reaction.

Influence of the experimental conditions on the FeSC catalyst
performances

Effect of the pyrolysis temperature

According to the TGA-FTIR results, the pyrolysis process should
finish at temperature higher than 600°C, hence 600, 700 and
800°C were chosen as the maximum temperatures for the catalyst
preparation. The corresponding catalysts are referred to as FeSCgqo,
FeSCy00 and FeSCgpo. As shown in Fig. 5, about 13% of AOII
was removed by FeSC in adsorption phase. While in the photo-
Fenton-like oxidation process, the discoloration efficiency of AOII
increased with increase of pyrolysis temperature. As shown in Fig.
5, the apparent rate constant (kapp) of the AOIl degradation was
obtained by fitting the results between 30 and 90 min, using a
pseudo-first-order kinetic equation by plots of In (Cy/C;) against
reaction time, which has been widely applied in the literature for
the description of the heterogeneous photo-Fenton oxidation of
organic pollutants.>?4 The k,pp were calculated to be 6.52 x 1072,
7.46 x 102and 9.24 x 102 min™" for FeSCego, FeSC700 and FeSCsoo,
respectively. As aresult of the increase of mass loss during pyrolysis
at higher temperatures, the iron content in the FeSC catalysts
increased slightly (12.3 wt%, 12.6 wt% and 12.9 wt% for catalysts
pyrolyzed at 600, 700 and 800°C). Hence there is more iron
oxide in catalysts pyrolyzed at higher temperatures, which means
there are more active sites for accelerating the decomposition of
H,0, in the presence of visible light. Further experiments were
performed on the sample pyrolyzed at 800°C as the heterogeneous
photo-Fenton-like catalyst.

Effect of the catalyst concentration

The effect of FeSC catalyst dosage on the discoloration of AOIl
was studied and the results are presented in Fig. 6. During the
adsorption phase, when the amount of FeSC catalyst increased,
more AOIl was adsorbed on the catalyst surface. The maximum
adsorption was determined to be 13.4mg g~' by fitting the
experimental isotherm data to the Langmuir isotherm model
(R? =0.9967), which is much lower than that of commercial
activated carbon (purchased from Tianjin Chemical Reagent
Co. Ltd, China, Sger =605m? g~', Qmax = 345.0mg g~'"). During
the oxidation phase, as shown in Table 2, when the catalyst
concentration increased from 0.5g L™! to 1.5g L™, the initial
reaction rates, expressed in milligrams of AOIl converted per gram
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Figure 2. SEM images of the SC (A) and FeSC (B) samples pyrolyzed at 800 °C for 2 h.
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Figure 3. TG curves of SS and FeSS (heating rate: 20°C min~', nitrogen
flow rate: 40 mL min~").

Table 2. Discoloration of AQOIl in photo-Fenton-like process with
different dosage of FeSC catalyst. (H0,: 15 mmol L='; AOII: 100 ppm;
initial solution pH: 4.0; reaction temperature: 30°C; 150 W short-arc Xe
lamp)

Pseudo-first-order
model parameters

Initial
reaction rate

FeSC(g/L)  (mgaoi-gresc ' b)) Kapp (x 102 min) R2

05 179.1 2.8 0.9720
1.0 170.8 6.7 0.9859
15 152.4 9.2 0.9922
2.0 99.7 7.9 0.9874

of FeSC catalyst per hour, remained almost constant, which means
the reaction was operated under chemical control. At higher
catalyst dosage (c. 2g L"), the initial reaction rate and pseudo-
first-order degradation kinetic constant all decreased significantly.
This change is because the increase in catalyst dosage makes
the solution very turbid and decreases light penetration into the
solution, resulting in a decrease in the amount of e¢OH produced
and a less efficient process. Therefore, subsequent runs were
performed using 1.5g L™ catalyst.

Influence of initial solution pH
The removal of azo dye, catalyzed by Fe-catalysts, was earlier
shown to be a pH-dependent process,?>?% and so the effect of

the initial solution pH was studied. As shown in Fig. 7(A), after
120 min reaction, over 99.9% AOIl was transformed at pH 3.0,
99.7% at pH 4.0, and 95.3% at pH 5.0. As the pH of the solution was
increased from 3.0to4.0to 5.0 (insert on Fig. 7(A)), the pseudo-first-
order kinetic constant decreased from 11.63 x 107 to 9.24 x 1072
and to 5.17 x 102 min™', respectively. These results indicate that
the higher the initial solution pH, the slower the reaction rate.

Theiron leaching from the catalyst was also checked throughout
the experiments. It can be seen from Fig. 7(B) that the iron
concentration in solution after 90 min reaction was 2.5, 0.6 and
0.2mg L' after reaction at pH3.0, 40 and 5.0, respectively.
A similar trend was observed by Ramirez et al.?” using Fe/active
carbon as catalyst. The leaching of Fe at pH 3.0 is not desirable since
itis higher than the EU discharge limits (<2 ppm). Considering the
high inorganic componentsin SCsupport, the concentration of the
other mental elements in the filtrate was also analyzed by ICP-OES.
For the FeSC system with initial pH =4.0, little Al, Ca, Mg and Cu
were detected in the filtrate; their concentrations were 0.6, 0.5, 0.5
and 0.03 mg L', respectively, and the concentrations of Zn, Cr, Mn,
Ni and Pb were below the detection limit of ICP-OES. In order to
determine the influence of homogeneous phase reaction, we also
tested the photo-Fenton catalytic activity of the filtrate after the
reaction and only 24.7% degradation of AOll is observed at the end
of the reaction. In conclusion, the optimal initial solution pH was
4.0, since the AOII removal efficiency was as high as at pH 3.0 but
iron leaching was lower. It is worth mentioning that the amount of
iron lost from the FeSC catalyst, even at pH 3.0is only 1.3 wt% of the
total iron content initially incorporated in the catalyst, significantly
lower than in the case of the Fe/active carbon prepared by classical
incipient wetness impregnation (c. 2.6 wt%).?’

Comparison of the catalytic activity of FeSC with different
catalyst or different operating conditions

Figure 8 shows the removal efficiency of AOII versus time under
different conditions. Compared with the discoloration rates of
AOIl in H,0,-visible light system (curve A), the SC-H,0,-visible
light system (curve B) and FeSC-H,0, system (curve C), the FeSC-
H,0,-visible light system (curve E) had the highest discoloration
efficiency. The apparent rate constant for the FeSC-H,0,-visible
light system and the FeSC-H,0, system were calculated to be
9.24 x 102 min™" and 2.64 x 102 min™', respectively. The former
was about 3 times higher than the latter. These results clearly
indicated the effect of light enhancement. Thatis because dyes can
absorb visible light and become excited under visible irradiation,
Equation (1), which will lead to electron transfer between the dye
molecule and ferric ion on the catalyst and then accelerate the

wileyonlinelibrary.com/jctb

(© 2013 Society of Chemical Industry

J Chem Technol Biotechnol (2013)



Photo-Fenton oxidation of Acid Orange Il

O
SCIi

WWW.S0Ci.org

(A1)

(A2) 020

[-R13 5

Units

010

000

(B1) T |

1w -

(B2)oz0

Units

005

000

Temperature ("C)

Figure 4. 3D diagrams corresponding to the gases evolved from SS (A1) and FeSS (B1). Evolution versus temperature of the bands characteristic of CO,
(2359cm™), SO, (1375cm™), C-H (2933 cm™) and H,0 (1508 cm™) for SS (A2) and FeSS (B2).
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Figure 5. Effect of pyrolysis temperature on the adsorption and the
oxidation of AOIl during the photo-Fenton-like process (catalyst: 1.5g
L="; Hy0,: 15mmol L~7; AOII: 100 ppm; initial solution pH: 4.0; reaction
temperature: 30°C; 150 W short-arc Xe lamp).

photo-Fenton-like process, Equations (2)—(5).282°
AOllgs + visible light — AOllsgs )
AOll,gs * +Fe*™ — Fe?* + AOIITs (3)
Fe’t +H,0, — Fe’" + HO e +-OH ~ @

10F ——05glL
—A—1.0glL
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Figure 6. Effect of the catalyst concentration on the adsorption and the
oxidation of AOIl during photo-Fenton-like process (H,05: 15 mmol L™7;
AOIl: 100 ppm; initial solution pH: 4.0; reaction temperature: 30°C; 150-W
short-arc Xe lamp).

HO e +AOll,q; (or AOIIY;.) — degraded products (5)

ads

To evaluate the role of the SC support in the heterogeneous
photo-Fenton-like reaction, a commercial pure Fe3;0O4 oxide
(Sger =7.0m? g~ ') was used as a catalyst, using the same amount
of iron as in the FeSC catalyst (116.1 mg Fe). As shown in Fig. 8
curves D and E, the Fes04 oxide showed less catalytic activity
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Figure 7. Effect of initial solution pH on the degradation of AOII (A) and on
the iron leaching (B) (FeSC: 1.5g L™'; H,0,: 15mmol L~'; AOII: 100 ppm;
reaction temperature: 30°C; 150 W short-arc Xe lamp).

than FeSC. The kapp for the Fe3sO4 oxide was calculated to be
3.80 x 102 min”, which is less than 40% of the kapp for the
FeSC-H,0,-visible light system.

There are many reasons for the better photocatalytic
performance of the FeSC system compared with the Fe;O4 oxide.
First,in the adsorption phase, the AOll removal efficiency was 3 and
12% for the Fe304-H,0;-visible light system and FeSC-H, 0,-visible
light system, respectively. This indicated that the porous carbon
matrix in the SC can facilitate the adsorption of dyes.>° Second, the
carbon support, as a photosensitizer and a conductive material,
can absorb light and produce some photo-induced electrons (e7),
transfer them to the iron particles and accelerate the reduction of
Fe3* to Fe?+ 3132 and thereby promote the photocatalytic process.
Furthermore, some inorganic components in the SC support (SiO,
and Al,O3) may also act as co-catalysts in the degradation of
AOIl during the heterogeneous photo-Fenton-like process. For
example, SiO, (i) can facilitate the adsorption of H,O, due to the
formation of hydrogen bonds between H,0, and Si-0-5i,>* and
(i) increase the activity of eOH for the formation of an acidic
microenvironment near the silica phase. Furthermore, the basic
sites on Al,O3 can facilitate the adsorption of AOIl, activate the
H,0, degradation and accelerate the reduction of Fe3* by H,0,
due to the Lewis sites on the alumina.3* Finally the hydroxyl
groups on the surface of SiO, or Al,O3, acting as electron donors
for the photo-generated H*, can also be oxidized into hydroxyl
radicals (eOH).3> Therefore, it can be deduced that SCiis a favorable
photo-Fenton-like catalyst support for the degradation of AQII.
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Figure 9. Discoloration and mineralization of AOII after 90 min reaction
upon reuse of FeSC as Fenton-like catalyst (FeSC: 1.5g L™'; Hy0s:
15 mmol L=; AOII: 100 ppm; reaction temperature: 30°C; 150 W short-arc
Xe lamp).

Durability of the FeSC catalyst and the mineralization of AOII
For industrial practical applications, the long-term stability of the
catalystis a key issue. A direct study of the stability of FeSC catalyst
in the catalytic degradation of AOIl was carried out through
successive batch experiments using the same sample recovered
by filtration under identical reaction conditions. As shown in Fig.
9, the degradation of AOIl decreased by only 7% after the 10th
run. These results demonstrated that FeSC is durable and can be
reused without loss of catalytic activity.

It is known that complete discoloration of AOIl does not mean
that the dye is completely oxidized. So, the mineralization of AOII,
in terms of TOC removal, was investigated in parallel (the reaction
conditions were: FeSC: 1.5 gL™";H,0,: 15 mmol L~'; AOIl: 100 ppm;
reaction temperature: 30°C; 150 W short-arc Xe lamp). As shown
in Fig. 9, compared with the AOIl removal, it can be seen that the
mineralization of AOIl is slower than the discoloration. This is due
to the fact that some partially-oxidized refractory intermediates
are generated during AOIl degradation.3® The results shown in
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HIGHLIGHTS

® A sewage sludge derived carbon-supported iron oxide catalyst (FeSC) was prepared.

® FeSC exhibited high catalytic activity in the wet air oxidation of 2-chlorophenol.

® A strong correlation was observed between the 2-CP conversion, the iron leaching and the pH.
e Using an acetate buffer, the iron leaching was suppressed while keeping some catalytic activity.
e A simplified reaction pathway was proposed for the CWAO of 2-CP over the FeSC catalyst.
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A sewage sludge derived carbon-supported iron oxide catalyst (FeSC) was prepared and used in the Cat-
alytic Wet Air Oxidation (CWAO) of 2-chlorophenol (2-CP). The catalysts were characterized in terms of
elemental composition, surface area, pHpzc, XRD and SEM. The performances of the FeSC catalyst in the
CWAQO of 2-CP was assessed in a batch reactor operated at 120°C under 0.9 MPa oxygen partial pres-
sure. Complete decomposition of 2-CP was achieved within 5 h and 90% Total Organic Carbon (TOC) was
removed after 24 h of reaction. Quite a straight correlation was observed between the 2-CP conversion,
the amount of iron leached in solution and the pH of the reaction mixture at a given reaction time,
indicating a strong predominance of the homogeneous catalysis contribution. The iron leaching could
be efficiently prevented when the pH of the solution was maintained at values higher than 4.5, while
the catalytic activity was only slightly reduced. Upon four successive batch CWAO experiments, using
the same FeSC catalyst recovered by filtration after pH adjustment, only a very minor catalyst deactiva-
tion was observed. Finally, based on all the identified intermediates, a simplified reaction pathway was
proposed for the CWAO of 2-CP over the FeSC catalyst.
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1. Introduction the traditional methods of sewage sludge disposal, such as ocean
dumpling, landfilling and incineration, pyrolysis could be consid-
ered as an economically feasible and eco-friendly route [3]. Sludge
derived carbons (SC) produced upon pyrolysis of sewage sludge
have been used as adsorbents for organic pollutants and heavy

metals [4,5]. On the other hand, the application of sewage sludge

Municipal sewage sludge are produced in huge quantity in con-
ventional wastewater treatment plants. In 2010 for instance, the
total production of dry sewage sludge in the United States, the
European Union and China were ca. 8.2, 10.0 and 8.0 million tons,

respectively. Furthermore, it is predicted that the production of
sludge all over the world will continue to rise with an annual
increase of about 2 vol.%. Therefore, the disposal of sewage sludge
is an issue of serious environmental concern [1,2]. Compared with

* Corresponding author. Tel.: +334 72 44 53 07; fax: +334 72 44 53 99.
E-mail address: claude.descorme@ircelyon.univ-lyon1.fr (C. Descorme).

http://dx.doi.org/10.1016/j.jhazmat.2014.05.024
0304-3894/© 2014 Elsevier B.V. All rights reserved.

derived materials as efficient catalysts in the wastewater treatment
have been recently reported. For example, sewage sludge based
carbons were used in the catalytic wet air oxidation of phenolic
compounds [6], in the catalytic ozonation of oxalic acid [7], and as
supports for heterogeneous Fenton-like catalysts [8,9].

In the wastewater treatment area, 2-chlorophenol (2-CP), which
is widely used in the paper, the pulp, the pesticide and the
herbicide industries, is unambiguously identified as a severe
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environmental pollutant of major concern due to its high toxicity
and low biodegradability. The maximum allowable concentration
of 2-CP in drinking water was fixed at 10 wgL~! [10]. Among the
different techniques applied to date for the treatment of 2-CP,
the catalytic wet air oxidation (CWAO) has attracted some inter-
est. Compared to the biological, electrochemical or photocatalytic
treatments, CWAO is more efficient at treating high concentrations
of organic pollutants [11]. Compared to the incineration and the
supercritical water oxidation, CWAO might further be considered
as an energy-saving catalytic method [12].

In the past years, a series of noble metal catalysts were used
in the CWAO and exhibited highly activities [13,14], but they are
quite expensive. Therefore, transition metal oxide based catalysts
were used as an alternative in the CWAO process [15-17]. Since
sewage sludge are rich in iron, it was decided to test them directly
in the CWAO of 2-CP. Furthermore, sewage sludge derived carbon
supported iron oxide catalysts (named as FeSC) were also prepared,
following an optimized method, in order to stabilize the iron. Com-
pared with the costly noble-metal catalysts, the prepared FeSC
catalysts are potentially low cost. Since the metal leaching remains
the main drawback for an extensive application of transition-metal
based catalysts in CWAO processes, the reasons and effects of the
iron leaching upon the reaction were investigated in this study. And
different attempts to prevent the iron leaching were also tested.

2. Experimental
2.1. Preparation of the catalysts

The dewatered sewage sludge was obtained from the Lie De
municipal wastewater treatment plant in Guangzhou, China. The
sludge was dried at 105 °C to constant weight, grinded and sieved
(100-mesh). Subsequently stored in a desiccator at room tempera-
ture.

The sewage sludge-derived char supported iron oxide cata-
lyst (named as FeSC) was prepared following a one-step method
combining the carbon synthesis with the Fe loading. At first, 20 g
dried sludge were added into 150 mL of a ferrous sulfate solu-
tion (0.5mol L~ FeSO4, pH=2.5). After the suspension was stirred
for 24 h, it was slowly evaporated in a rotary evaporator at 60°C
under reduced pressure, and then dried at 105 °C for 12 h. Subse-
quently, the received solid was pyrolyzed under flowing nitrogen
(40 mLmin~')in a horizontal furnace at 800 °C for 2 h (heating rate:
20°Cmin—1). The pyrolyzed sample was washed several times with
deionized water until the conductivity became constant in order to
make sure there is no soluble iron salts anymore on the catalyst sur-
face. Then, the sample was dried at 105 °C overnight and grinded
to less than 200-mesh size.

In order to reduce the ash content, 5g of the sludge-derived
carbon (SC), formed after pyrolysis at 800°C for 2 h, was treated
in a 80 mL acid solution (25 vol.% HCl + 25 vol.% HF) at 70°C for 2 h
before, washing with distilled water and drying. The sample was
named as SC-A.

2.2. Characterizations

The ash content of the catalysts was determined using the
standard ASTM D2866-94 method. The metal content in the synthe-
sized samples was measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Horiba Jobin-Yvon).

The specific surface area (Sggr) was determined using an
Autosorb-iQ-MP gas sorption analyzer (Quantachrome Instru-
ments, USA) via nitrogen adsorption at 77 K.

The pH at the point of zero charge (pHpyc) of the catalyst was
measured according to the method developed by Brunelle [18].

Increasing amounts of solid were added sequentially to a 50 mL
0.0005 M Nacl solution until the pH reached a plateau. The pH at
the plateau corresponds to the pHpzc.

The chemical state of iron on the catalysts was followed by X-
ray diffraction (XRD) using a D/max 2200 vpc Diffratometer (Rigaku
Corporation, Japan) with a Cu Ka radiation at 40 kV and 30 mA.

Scanning electron microscopy (SEM) images were recorded
using a JEOL JSM-6330F field emission scanning electron micro-
scope equipped with an energy-dispersive X-ray (EDX) detector
(JED-2300).

2.3. Catalytic tests

The catalytic wet air oxidation of 2-chlorophenol over the SC-
based catalysts was studied in a conventional batch reactor made
of Hastelloy C22 (Model 4836, Parr Instrument Inc). The experi-
mental apparatus is described in Fig. S1. In each run, the 300 mL
autoclave was loaded with 150mL of a 2gL~! 2-CP aqueous solu-
tion (ca. 2.3 mmol 2-CP in the reactor) and a defined amount of
catalyst. After the reactor was repeatedly outgassed with argon at
ambient temperature, the reactor was heated up to the desired tem-
perature (120 °C). When the temperature was stabilized, synthetic
air (20vol.% O, +80vol.% N;) was introduced into the reactor until
the total pressure reached 5MPa. This point was taken as “zero”
time for the reaction. The oxygen partial pressure was ca. 0.9 MPa
(ca.42.8 mmol O, in the reactor), corresponding globally to a large
excess of oxygen according Eq. (1). Noteworthy, the oxygen solu-
bility in water under such conditions was only ca. 0.2 gg, L.

CeHsClO + 6.50, = 6CO, +2H,0 + HCl 1)

Furthermore, to avoid any mass transfer limitation in the liquid
phase, the stirrer speed was fixed at 1300 rpm [19]. Liquid samples
were taken from the reactor at regular time intervals and analyzed
after centrifugation.

2.4. Analytical methods

The concentrations of 2-chlorophenol and the oxidation inter-
mediates were measured by HPLC using a UV-detector set at 210
and 281 nm (Shimadzu). The HPLC system was equipped with
a Kinetex PFP 100A 2.6 pm 100 mm x 4.6 mm column (Pheno-
menex), operated at constant temperature (40°C). The mobile
phase was a mixture of 4 vol.% methanol and 96 vol.% water, which
pH was acidified down to 2.0 using a 85 wt.% H3PO,4 solution. The
flow rate was fixed at 0.6 mL min~1.

The total organic carbon (TOC) in the liquid samples was deter-
mined by using a Shimadzu 5050 TOC analyzer. The pH of the
solution was measured with a Radiometer Analytical PHM240 pH
meter. The Fe concentration in the liquid samples was further ana-
lyzed by ICP-OES to check for lixiviation.

3. Results and discussion
3.1. Characterization of the catalysts

The basic physical and chemical characteristics of the SC and
FeSC samples are summarized in Table 1.

The ash content values and the results of the ICP-OES analysis
indicated a high content in inorganic components, such as iron,
silicon and aluminum. After the acidic washing, the ash fraction was
partial removed. The iron content in SC, FeSC and SC-A, determined
by ICP-OES, was 4.5, 12.0 and 0.4 wt.%, respectively. SC and FeSC
exhibited quite a low specific surface area, while SC-A showed a
higher surface as a result of the acidic washing and the efficient
ash removal. As indicated in Table 1, the pHpzc value decreased
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Table 1
Physicochemical properties of the SC, FeSC and SC-A samples.
Sample Ash content (Wt.%) Fe (wt.%) Si (wt.%) Al (Wt.%) Ca (Wt.%) Sper (m2g~1) pHpzc
Ne 74.6 45 234 10.6 1.7 19 7.5
FeSC 93.0 12.0 19.9 9.1 1.8 14 42
SC-A 56.1 0.4 28.6 1.8 <0.1 33 3.7
2 oxygen partial pressure, 6% 2-CP conversion was achieved via ther-
400 F 1. Magnetite - Fe30a mal decomposition at the very beginning of the oxidation reaction
2. Quartz - Si02 (t=0). After 24 h of reaction, the 2-CP and TOC removal were lower
3. Aluminum Oxide - Al20a than 15% (Fig. 3), indicating that the 2-CP molecule was thermally
. 300} stable under the applied reaction conditions.
=] 2 13 FeSC The 2-CP molecule was observed to adsorb on the SC based cat-
) 3 | 13 232 23 32 alysts. The initial adsorption, before the introduction of air (t=0),
_:&o“ 200 | accounted for ca. 3% after subtraction of the 6% 2-CP conversion due
s to thermal decomposition. The untreated SC sample appeared to be
E only moderately active in the CWAO of 2-CP. After 24 h of reaction,
100 | ‘M.J‘J sC the 2-CP conversion was only 50% and TOC abatement reached 39%.
W«LA.L-.A After acidic treatment (HCI + HF), the 2-CP adsorption increased
m SC-A up to 9%. This observation could be simply explained by the higher
O \ . , ] : ¢ : specific surface area of the SC-A sample compared to the initial SC

0 10 20 30 40 50 60 70
20 (deqg)

Fig. 1. XRD patterns of FeSC, SC and SC-A.

upon incorporation of iron in the SC support. This variation could be
attributed to the higher amount of acidic oxygen surface functional
groups induced by the presence of iron, which could be beneficial
for the CWAO reaction [20].

The iron phase in the FeSC sample could be further characterized
using XRD (Fig. 1). Compared with the diffractogram of the pure SC
and SC-A sample, the XRD pattern for FeSC exhibited several extra
diffraction lines at 26 equal 35.5°,62.6° and 30.1°. These lines could
respectively be assigned to the (311), (440) and (2 20) planes of
Fe304 (magnetite, JCPDS n° 88-0866).

Finally, as shown in Fig. 2, the SEM micrographs indicated that
the surface of FeSC is relatively rough. In addition, the mean Fe
content (for the zone shown in Fig. 2B) measured by EDX was ca.
15.3 wt.%, which is in good agreement with the results obtained
by ICP-OES. It could be deduced that the iron particles are quite
uniformly distributed on the SC support.

3.2. CWAQO of 2-chlorophenol over the different catalysts

The wet air oxidation of 2-CP, in absence of any catalyst, was
shown to be very slow. Upon reaction at 120°C under 0.9 MPa

(33 vs. 19m?2 g~ 1). On the contrary, the catalytic activity decreased
upon removal of the ash fraction. The initial reaction rate decreased
from 0.4 to 0.1 mmol,_cp Eearatyse | h~!. The much smaller amount
of iron in the treated sample (0.4 vs. 4.5 wt.%) could be responsible
for this difference.

After incorporation of iron on the SC support, a substantial
increase of the 2-CP conversion was observed. The complete
removal of 2-CP could be reached within 5h of reaction. The ini-
tial reaction rate was calculated to be 3.0 mmol,_cp gcmlyst*1 h-1,
which was almost 7 times higher than the rate measured on the
untreated SC, while the iron concentration in the catalyst was only
tripled. Compared with the classical Ru/ZrO, catalyst [21], which
is known as a kind of high efficient noble metal catalyst, the FeSC
catalyst displayed higher catalytic activity under identical reaction
conditions. As shown in Fig. 3B, the TOC removal also remarkably
increased upon addition of the FeSC catalyst, reaching 91% at the
end of the reaction (24 h). By comparison with the evolution of the
2-CP conversion, it could be deduced that the mineralization of the
2-CP molecule was not complete and occurred at a slower rate.
Several partially-oxidized intermediates formed upon 2-CP degra-
dation and appeared to be resistant toward further conversion to
carbon dioxide.

Furthermore, as the decomposition of 2-CP occurred, the pH of
the reaction mixture decreased from an initial value of 5.5 to very
acidic values (Fig. 3C). This increase of the acidity of the reaction
mixture could be attributed to (i) the production of HCl as a result of

Fig. 2. SEM images of the SC (A) and FeSC (B) samples pyrolyzed at 800°C for 2 h, and the result of EDX analysis for FeSC (C).
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Fig. 4. 2-CP conversion attained by heterogeneous: 0.5g FeSC (|] ) and homoge-

neous reaction: hot filtrate from 0.5 g FeSC system after 10 min reaction (O )(120°C,
Po, : 0.9MPa, 1300 rpm, 150 mL [2-CP]p=2gL"1).

the initial dechlorination of the 2-CP molecule; and (ii) the forma-
tion of some small chain organic acids such as maleic acid, succinic
acid, formic acid and oxalic acid, as detected by HPLC (Fig. S2).

3.3. Heterogeneous vs. homogeneous reaction

Considering the very low pH achieved at the end of the reaction,
the leaching of metal (Fe, Ca, Al, etc.) was suspected. Therefore,
the concentration of iron, as the most notably catalytically active
metals [1], in the liquid phase at the end of the reaction (24 h) was
systematically measured. As shown in Table 2, 27mgL-! of iron
was detected in the reaction mixture after reaction over the FeSC
system, which corresponded to ca. 7wt.% of the total amount of
iron initially incorporated in the FeSC catalyst. Significant amounts
of metallic ions were also detected in the liquid phase upon reac-
tion over different catalysts based on transition metals such as Cu,
Zn, Mn, Ni [22-24]. For example, Posada et al. [24] have studied the
catalytic wet air oxidation of substituted phenols using 1.5gL~1 of
a 4wt.% Cu/CeO, catalyst. 54.5 ppm Cu were detected at the end
of reaction, corresponding to ca. 91 wt.% of the total amount of
copper in the catalyst. Therefore, leaching is a major issue when
using transition metal oxide based catalysts under acidic condi-
tions.

To determine the contribution of the homogeneous phase reac-
tion, 0.5g FeSC catalyst was first introduced into the reaction
mixture for 10 min, after that the hot reaction mixture was filtrated
in order to remove any catalyst particle. From Fig. 4, it is observed
that the conversion of 2-CP continues, even the absence of any solid
catalyst, indicating that part of the active phase which has been
leached into the reaction mixture is active in the homogeneous
phase reaction.

To further check the contribution of the homogeneous phase
reaction, the evolution of the 2-CP conversion as a function of time
was studied at different catalyst loading (Fig. 5A). The iron con-
centration in the filtrate was systematically measured after 10, 30
and 60 min by ICP-OES. As shown in Fig. 5B, The linear variation

Iron leaching upon catalytic wet air oxidation (CWAO) of 2-chlorophenol over different catalysts (120°C, P, : 0.9 MPa, 1300 rpm, 150 mL [2-CP]o =2 gL', 0.5 g catalyst).

Sample Iron concentration in the reaction Percentage of iron leached in the
mixture after 24h (mgL-1) solution after 24 h (wt.%)

FeSC 27.0 7

SC 0.8 0.5

SC-A 3.8 29




92 Y. Tu et al. / Journal of Hazardous Materials 276 (2014) 88-96

£

= g
T T

2-CP conversion (%)
B8
- -

(D)3s[

(B)

4k

w
T

(5]
T

-y
T

Reaction rate (mM, . / h)

o
T

Fe leached (ma/L)

lon product: (Fe™'] [OH" = 1.3852 « 10™°
R’ = 0.9900

33+

pH

30k

Fe leached (mg L™}

Fig. 5. Contribution of the homogeneous phase reaction. (A) 2-CP conversion during the first 2 h of reaction in the presence of different concentration in FeSC; (B) Correlation
between the 2-CP conversion rate and the amount of iron leached in the reaction mixture; (C) Pourbaix diagram for iron and evolution of the potential and pH of the reaction
mixture as a function of time; (D) Correlation between the solution pH and the amount of iron leached in the reaction mixture [120°C, Po, : 0.9 MPa, 1300 rpm, 150 mL

[2-CP]o=2gL!, catalyst dosage: 1.0gL-" (M), 1.5gL-1 (W )and 2.0gL! (/h)].

between the instantaneous reaction rate and the amount of iron
detected in solution at the same time clearly indicated that (i) the
reaction definitively occurred in the homogeneous phase since the
initial reaction rate did not correlate with the amount of catalyst but
with the volume of the reaction mixture and (ii) the reaction was
strongly dependent on the iron concentration in the liquid phase.

To explain further the irreversible leaching of iron in the solu-
tion, the potential taken by the reaction mixture was systematically
measured as a function of time and recalculated with respect to
the standard hydrogen electrode (SHE). According to the pH and
the potential of each liquid sample shown in the Pourbaix dia-
gram (Fig. 5C) [25], we could find that the most stable form of
iron in the aqueous phase all along the reaction would be Fe(II).
This result could be explained by the low solubility of oxygen in
water under the applied reaction conditions (ca. 0.2 gL~!) and the
rapid consumption of oxygen, resulting in anoxic conditions in the
liquid phase. Noteworthy, the potential of the solution increased
slightly as the reaction proceeded, indicating the Fe(Il) could be
progressively converted to Fe(Ill). Considering the excellent redox
property of Fe(Il), the formation of free radicals, such as alkyl peroxy
radicals, oxygen radicals and hydroxyl radicals would be promoted
[23,26,27] and the CWAO reaction could be initiated.

Since the leached iron existed as Fe2* in the liquid phase, accord-
ing to Eq. (2),

FeZ* + 20H™ < Fe(OH), (2)

The ion product data (IP) for Fe2* and OH~ was calculated as fol-
lows:

IP = [Fe2t][OH ]2 (3)

The IP value got by curvilinear regression analysis was 1.39 x 10~25,
and good correlation coefficient (R% =0.9900) was gotten. It should

be noted that the solubility product constant (Ksp) for Fe(OH),
was 3.16 x 10~14 [28]. Therefore, when under the same pH con-
dition, the dissolved ferrous iron concentration in the FeSC system
is much lower than the value got from theoretic solubility calcu-
lation, indicating the using of SC support could stabilize the iron
and reduce the leaching problem. Furthermore, from the result
of curve fitting, in order to meet the EU discharge standards for
Fe (<2 ppm) [29], the solution pH need to be kept higher than
3.29.

Conclusively, the 2-CP conversion in the homogeneous phase,
the pH of the solution and the amount of iron leached in the reaction
mixture were shown to be interconnected.

3.4. Minimization of the iron leaching

Based on the first results presented above, the minimization
of the iron leaching from the FeSC catalysts upon CWAO of 2-
chlorophenol clearly appeared as a key point. Since the iron
leaching was shown to be mainly driven by the acidic conditions
generated during the initial 2-CP degradation process, the pH of
the reaction mixture was tentatively controlled following differ-
ent approaches; i.e. adjusting the initial pH of the reaction mixture
or using a buffer solution to keep the pH constant all along the
reaction.

Alkaline agents, such as NaOH, are often used to neutralize the
acids produced upon treatment of chlorinated organics via super-
critical water oxidation [30] or wet air oxidation [31]. In our study,
NaOH was used to adjust the initial pH value of the reaction mix-
ture from 5.6 to 10.0. As shown in Fig. 6A, when NaOH was initially
added into the solution but without using any catalyst, the 2-CP
conversion and TOC abatement after 24 h of reaction increased from
ca. 14 to 68% and from 7 to 40%, respectively. These results are
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Fig. 6. Evolution of the 2-CP conversion upon wet air oxidation (WAO) in the

absence of any catalyst (I] ) or in the presence of the FeSC catalyst (O ) and with
the initial addition of NaOH to pH=10.0 (A) or in the presence of a phosphate buffer
at pH=6.8 (B) or in the presence of an acetate buffer at pH=4.5 (C) (120°C, Po, :
0.9 MPa, 1300 rmp, 150 mL [2-CP]o=2 gL', catalyst dosage: 2.0gL").

similar to what was reported by Pintar et al. [32] in the WAO of sub-
stituted phenols (p-chlorophenol, p-nitrophenol) in the absence
of any catalyst. When the pH value is higher than the pKa val-
ues of the substituted phenol, the phenolate anions (ArO~) will
yield phenoxy radicals (ArO*) which are considered to be much
more reactive than the protonated form (ArOH) [31]. In our case,
2-CP would also yield phenoxy radicals since the pKa of the 2-CP
molecule is 8.6. However, almost no additional catalytic activity
was observed under such reaction conditions in the presence of the

FeSC catalyst (64% 2-CP conversion and 42% TOC removal after
24 h). While, the iron concentration in the liquid at the end of the
reaction was only 0.7 mgL~!, indicating that the contribution from
the homogeneous reaction could be somehow neglected. This could
be the main explanation for the much lower performances of the
FeSC catalyst under alkaline conditions.

The addition of a buffer solution to the reaction mixture was
tested as a second attempt to avoid the iron leaching. Firstly,
the impact of a phosphate buffer (pH=6.8) was investigated. The
amount of iron leached after 24 h reaction markedly decreased
down to 0.4 ppm. However, compared to the experiment performed
in the absence of any catalyst, no extra 2-CP conversion or TOC
removal could be observed over the FeSC catalyst (Fig. 6B). This
was tentatively related to the poisonous effect of phosphates on the
iron oxide catalyst with the formation of iron phosphate chelates
[33]. Conclusively, the phosphate buffer was not appropriate in this
specific case.

Alternatively, an acetate buffer (pH=4.5) could be reliably used
to control the pH since acetic acid was shown to be refractory
toward wet air oxidation up to 200°C [34]. As presented in Fig. 6C,
in the absence of any catalyst, the 2-CP conversion and the TOC
removal after 24 h reaction did not change too much by the using
of acetate buffer, ca. 17% 2-CP conversion and 8% TOC removal (the
effective TOC removal was calculated after subtracting the TOC
content due to the acetate buffer). When the FeSC catalyst was
introduced, the 2-CP conversion was 42% and the TOC abatement
reached 33% at the end of the reaction. In comparison with the
results obtained when the same amount of FeSC catalyst was used
but in the absence of any buffer, a detrimental effect of the acetate
buffer was observed. Nevertheless, the amount of iron leached in
the filtrate at the end of reaction decreased from 30 to only 0.9 ppm
in the presence of the acetate buffer. Furthermore, the contribu-
tion of homogeneous phase containing 0.9 ppm iron in the solution
was also checked, and no further CWAO catalytic activity was
observed.

In conclusion, the use of the acetate buffer (pH=4.5) could
effectively help to prevent the iron leaching while preserving part
of the catalytic activity of the catalyst. From a practical point of
view, although the TOC content of the acetate buffer is high (ca.
4.5gL-1)and the acetic acid is refractory toward further oxidation
the implementation of such a buffer for the treatment of 2-CP via
CWAO might still be viable since acetic acid is non toxic and would
even be easily biodegraded in a conventional wastewater treatment
plant.

3.5. Stability tests

It is known that dissolved iron in the effluent could generate an
unwanted secondary pollution. To prevent this, the iron leached
upon CWAO was tentatively recovered at the end of the reaction
via pH adjustment (precipitation) by using NaOH. Bernata et al. [35]
revealed that the iron recovery efficiency strongly depends on the
pH since it strongly impacts on the iron (III) retention. In our case,
the pH of the liquid was adjusted to 6.0, then the solid catalyst was
recovered by filtration, washed with distilled water and dried at
105 °C before any subsequent re-utilizations.

Four successive runs were carried out using the same catalyst
sample. As shown in Fig. 7, an initial induction period appeared
from the second run and in subsequent runs the pH decrease was
not as sharp as in the first run. This observation is consistent with
the differences observed in the amount of the iron which is leached
after 1 or 24 h of reaction (Table S1). However, even after 4 runs,
the 2-CP conversion and the TOC removal were still very high. Only
a small decrease in activity was observed between the first run and
the subsequent ones.
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3.6. Reaction intermediates

Fig. 8 shows the evolutions of the concentrations of 2-
chlorophenol and the different reaction intermediates we could
identify upon CWAO of 2-CP over the FeSC catalyst. These inter-
mediates have been classified in two different groups: the low

1300 rpm, 150 mL [2-CP]p=2gL~").

molecular weight acids and the aromatic compounds which were
only detected in trace amounts.

As reported earlier, the dechlorination reaction also appeared in
the present study as the first and essential step in the 2-CP decom-
position route [36]. As shown in Fig. 8, 93% of the chlorine atoms
in the 2-CP molecule are released in the reaction mixture as HCI
by the end of the reaction. At the beginning 2 h, the accumulation
of HCl in the reaction mixture was very rapid and the pH dropped
drastically, then the formation of HCl markedly slowed down. Indi-
cating that in the first step of the reaction the chlorine atom on the
aromatic ring was removed and released in the solution as HCI. In
this later period, HCI probably originated from partially oxidized
chlorinated intermediates.

The concentrations of the different aromatic by-products
reached a maximum at different reaction times before being totally
oxidized by the end of the reaction (Table 3). The selectivity at the

Table 3
The maximum selectivities in the different reaction intermediates calculated on a
carbon basis.

Intermediate Formula Maximum time Max selectivity
(h) (%)
Chlorohydroquinone CgH3(OH),Cl 1.70 5.4
4-Chloroesoreinol CsHs0,Cl 1.77 3.7
Catechol CsHgO- 2.12 2.8
Hydroquinone CsHgOg 2.33 5.6
Maleic acid C4H404 2.37 0.6
Formic acid CH,0; 2.82 353
Oxalic acid C2Hy04 3.60 10.2
Succinic acid C4HgO04 3.63 6.3
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maximum was calculated based on the number of carbon atoms.
The selectivity of all aromatic intermediates was very low, indicat-
ing that (i) under the applied reaction conditions, most of the 2-CP
molecules are directly mineralized and (ii) the oxidation of these
aromatic intermediates took place very rapidly.

As shown in Fig. 8, some other short chain acids were also
detected, The time at the maximum concentration for these acids
appeared to be delayed compared to the aromatic intermediates,
offering an extra indication that they are produced in a second step
only from the aromatic ring opening.

From the difference between the measured and the calculated
TOC values, we obtained a maximum discrepancy in the carbon
balance of 26% (Fig. S3). This discrepancy only appeared at the end
of the reaction, indicating that some short chain carboxylic acids
remained unidentified or that they were inappropriately quanti-
fied.

Finally, from the identified reaction products, a simplified
reaction pathway for the degradation of 2-CP upon CWAO over
FeSC was proposed (Fig. 9). In the first step, the 2-CP molecule
was predominantly dechlorinated and both dechlorinated aro-
matic intermediates and HCl were produced. The 2-CP molecule
might also be partly oxidized before dechlorination occurs and
partly-oxidized chlorinated aromatic intermediates were gener-
ated. Further oxidation of the aromatic intermediates led to ring
opening and short chain carboxylic acids were formed. At last, all
oxidized intermediates gradually converted into CO, and H,O.

4. Conclusions

While the catalytic wet air oxidation of phenol using hetero-
geneous transition metal catalysts has been extensively studied in
the literature, little attention has been paid to the use of this kind of
catalysts for the treatment of 2-chlorophenol. In this work a sewage
sludge derived carbon supported iron oxide catalyst (FeSC) was pre-
pared and used in catalytic wet air oxidation of 2-chlorophenol.
After 24 h reaction, high 2-CP conversion and TOC removal could
be reached even at moderate reaction temperature (120 °C)and low
oxygen partial pressure (0.9 MPa). However, iron leaching rapidly
occurred upon decrease of the pH, promoting the activity in the
homogeneous phase. The pH evolution essentially resulted from

the release of HCl after dechlorination of 2-CP and the formation of
small chain carboxylic acids at the end of the reaction. Much atten-
tion was paid to the iron leaching and different attempts to prevent
the iron leaching were tested, such as the use of alkaline reagents
or buffer solutions. Among the different approaches, the use of the
acetate buffer was successful in minimizing the iron leaching while
keeping some catalytic activity.

Therefore, the use of this type of catalyst in the CWAO of 2-
CP has to be carefully considered. The iron leaching would indeed
require an additional treatment before discharge. In our study, the
iron could be recovered by adjusting the pH to neutral pH at the
end of the reaction. Only a very slight catalyst deactivation was
observed upon successive batch experiments.
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Abstract

The disposal of sewage sludge becomes an issue of particular concern due to its
continuous increase quantity. Compared with the traditional methods of sewage
sludge disposal, such as ocean dumpling, landfilling and incineration, pyrolysis could
be considered as an economically feasible and eco-friendly route. Sludge derived
carbons (SC) produced upon pyrolysis of sewage sludge have been used as adsorbents
for organic pollutants and heavy metals in wastewater treatment area, however it is
not efficient for long-term application since the sewage sludge-based activated carbon
(SBAC) will be saturated with adsorbing molecules. Using SC to prepare some
composite materials and use them as catalysts in advanced oxidation processes (AOPs)
can offset the limitation of SBAC. Furthermore, since SC is an inorganic—carbon
alloyed mixture, it should have some special behaviors compared with other
commonly used supports. This situation encouraged us to employ the SC as the
support of composite catalysts and investigate their potential to catalytic oxidation of
organic contaminants in water. The main work and achievements in this thesis are as

follows:

(1) Sewage sludge derived carbon (SC) was employed as the support of iron
oxide containing catalyst (FeSC). The chemical changes during the preparation of

catalysts by pyrolysis were monitored upon TGA-FTIR study. The catalysts were
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characterized in terms of inorganic elemental composition, XRD, SEM-EDX and XPS.
The characterization results revealed the impregnated iron was existed as Fe;O4 in the
FeSC catalyst and almost uniformly distributed on the SC support. The catalytic
activity of FeSC was evaluated from the discoloration and mineralization of acid
orange II (AOII) in the presence of H,O,. It was found that the FeSC catalyst, which
was pyrolyzed at 800°C for 2 h, displayed the highest discoloration efficiency. Using
2.0 g/L catalyst, 15.0 mM H,0O,, 100 mg/L AOIIl and an initial pH 4.0, almost
complete discoloration and 74 % mineralization were achieved after 1 h adsorption
and 2 h heterogeneous Fenton-like oxidation. And only 0.37 mg/L iron was detected
in the filtrate at the end of the reaction. The discoloration efficiency could be kept
around 94% after 600 min test in an integrated membrane-heterogeneous Fenton-like
catalytic continuous reactor (MHFR), It indicates that FeSC presents both a high
catalytic activity and a long-term stability.

FeSC exhibited better performance in discoloration of AOII than some
commercial iron oxides such as a-Fe,O3, Fe;04, -FeOOH, and wood sawdust-based
carbon supported iron oxide catalyst (FeWC). The high inorganic components content
of sewage sludge was concluded to have strong correlations with the high catalytic
activity of FeSC. To further interpret the co-catalytic effect of inorganic components
in sewage sludge, the inorganic components were removed from the sewage sludge
and then a series of catalysts were prepared by the addition of iron, as well as silica
and/or alumina to the sewage sludge free of the inorganic components. It was found
that the removal of inorganic fraction remarkably decreased the catalytic activity of
iron-containing catalyst. The insertion of SiO, favors the increase in catalytic activity
due to the formation of both hydrogen bonds between H,O, and siloxane bridges and
the acidic microenvironment near the surface of silica phase. While the addition of
ALO3 in sewage sludge as basic sites can facilitate the degradation of H,0,, and the
characteristic of Lewis acidity of alumina can accelerate the reduction of Fe’" to Fe*'

by HzOz.

(2) The performances of the Fe;O04 and SC composite catalyst (Fe;04/SC) in the

VI
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Catalytic Wet Air Oxidation (CWAO) of 2-chlorophenol (2-CP) was assessed. When a
batch reaction operated at 120°C under 0.9 MPa oxygen partial pressure (50 bar total
pressure), an almost complete decomposition of 2-CP was achieved within 5 hours,
and 90% Total Organic Carbon (TOC) abatement was obtained after 24 hours of
reaction. The activation energy for the CWAO of 2-CP was decreased from 140
kJ/mol to 50 kJ/mol by using Fe;04/SC catalyst, indicating the advantage of the
CWAO process compared with the thermal process. Quite a straight correlation was
observed between the pH of the reaction mixture, the amount of iron leached in the
solution and the 2-CP conversion at a given reaction time. Without controlling the pH
during the reaction, 30 ppm iron could be detected in the liquid phase at the end of the
reaction. When the acetate buffer (pH = 4.5) was added into the reactor, the iron
leaching could be kept lower than 1 ppm while keeping some catalytic activity. The
reaction intermediates generated upon CWAQO of 2-CP over the Fe;O04/SC catalyst
were mainly some aromatic compounds and low molecular weight acids, such as
4-chloroesoreinol, 2-chlorohydroquinone, catechol, hydroquinone, maleic acid,
succinic acid, formic acid, oxalic acid and hydrochloric acid. Finally, from all the
identified reaction products, the reaction pathway for the degradation of 2-CP upon
CWAO over FeSC was proposed: In the first step, the 2-CP molecule was
predominantly dechlorinated and both dechlorinated aromatic intermediates and HCI
were produced. The 2-CP molecule might also be partly oxidized before
dechlorination occurs and partly-oxidized chlorinated aromatic intermediates were
generated. Further oxidation of the aromatic intermediates led to ring opening and
short chain carboxylic acids were formed. At last, all oxidized intermediates gradually

converted into CO, and H50.

(3) A novel Mn doped graphitic carbon nitride catalyst (Mn-g-C3N4) was
synthesized though a polycondensation process under elevated temperatures. And then
the sewage sludge-based activated carbon (SBAC) with large surface area was used as
the support for Mn-g-CsN4 to prepare composite catalyst (Mn-g-C3N4/SBAC). The

results of XRD, FTIR, SEM-EDX mapping and XPS characterization revealed that
VII
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the synthesized Mg-g-C3;Ny presented a graphitic-like structure with the triazine unit
as the primary building block. The loaded Mn compound doped in the electron-rich
g-C3N4 mainly though Mn-N bonds, which could facilitate for the electron transfer in
the bulk material. The catalytic ozonation of the antibiotic sulfamethoxazole (SMZ)
solution in the presence of Mn-g-C3Ny catalyst was investigated in a laboratory scale
batch reactor. The results indicated that adding Mn-g-C3Ny catalyst into the ozonation
reactor could greatly accelerate the rate of SMZ degradation. When the agitation
speed was fixed at 750 rpm, and the dose of ozone in the inlet gas was controlled
constant at 0.4 mg/min throughout the experiment, after adsorption for 30 min and
oxidation for 1 h, the removal efficiency of 50 mg/L SMZ could increase from 61.6%
to 95.1% by using 1 g/L Mn-g-C3;Ny catalyst.

The study showed that the Mn-g-C;N4/SBAC composite catalyst prepared by
solid-state reaction method could result in the uniform dispersion of Mn-g-C3;N4 on
the framework of SBAC. The degradation of SMZ by using Mn-g-C3;N4+/SBAC
composite catalyst fitted well with Langmuir-Hinshelwood model. Considering the
reaction rate and the utilization of loaded Mn-g-CsN4, the optimal content of
Mn-g-C3N4 was decided to be 30%. The catalytic activity of the composite catalyst
was about 1.6 times compared with the no supported Mn-g-C;Ny catalyst, indicating
the positive trend by employing SBAC as support for ozonation catalyst. The
composite catalyst also exhibited very good inoxidability, limited Mn leaching and

good stability since the activity almost remained constant over four consecutive runs.

Keywords: Sewage sludge-derived carbon, Composite catalyst, Advance oxidation,

Organic contaminants
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15U AL Ab B AR BN . V5 e b3 (Sludge treatment) & F5 X1 V5
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B LA 7 O .
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WA g e b B 7 AUy, AR EE Y 1992 AR 40% /5 48 T BE 2 2005 A
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YT TE K iG e B A Y i R i K e A At A Bh P R 5 2 2 R
B 2 b s T S R E A U AR AR B 7R 1 2 A R
JOE, AENGIE B T aREE K, MR TIRAE T RCR o 5 A IR A BAT B
DL IEAT AR AN, MATEVF 2 E AR . 2, BT RERR
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PPN, S Gy MR FVEAR IR, T Ve HE RV R — T N bl i S A o B

4



15 SPRBRE AR U

AL R . IR I AL G, AR RIR. ke 2 HRIGHRRL, &
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A RERRERRD 0T, Foisr 5 RR GG 1 ORI, 7E3E 4 78 g B AR wT
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ARIERIE A 8 2 Tl R RS o Tl e 85 N 7 IS i M A BR A =] DA 7K Ab
JE TG N ERL, BN —E S RITUS, 4R be st AU AT R
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SEMSLL I T 5 K TS IR A A K BRHpe i B AR N 7], 9F 5 R TS e ) R
A 8.3 ki/g, 4iSURB I EINE 14%0F, Bl K Je Bk B 5 H H0E
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TSV BEIRAL R AR, A 5 YR AR AE T BRI S5 A T N A By s Ui FE (1K
PR T600°C, i #E 7600-1000°C), 1375 e H (1A WL AL BN A FIL R A
TERIEVIFM . B SR A R (A BT i) S5 R A R BOR A EL, A
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4 SRR AL, B G s R A IR ZER B BT O SR B R 5F
Bk, HIRITEEN. WEL. SRR EE T HIEE.
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15 VAR A T2 85 2 B v [E 16 Shibata 7F 19394 ) — I & ) o & Yk d2
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F5UE (293%). BEAh, FBHRFE . B ERI TR e 2 BB e FA R
PEE . TEPEA (M Fonts % O 50 R BLLE AL IR PR 230 B 540°C, AUk 4.5
L/min {405 55 T T 3RAG 5 1 A il 72 %8 . Inguanzo!® B 78 R DLLE KGR # A
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(KC1, KOH, K,CO3)1E Ay i Ak 70T #4 fift S L 1) 500 o 45 S IILAE F4 il B2
650-710K I, M 4k 771 xF & @ b g B 2 F R &R O 2R 2 ) N
KOH>KCI>K,CO;>NaOH>NayCO3>NaCl; X #A i i1 7= 2 38 i1 (6 6 77 F) 5 55 It
N KCI>Na,COs>NaCl> A i i fiE 4k 7] >NaOH>K,CO;>KOH! . i [& 1]
Young-Kwon Parkif @2 "1i}f 5% 7 CaO. LayO3. CaO/Al,03/%LarOs/AlOs Y F
AT TSR = 2R AN G R REI 25 SRR A TE SRS I N £ CaOF1La, 0511
(R EES T Gl 71 Ve S N = 8111 A == Ol o (PO (2 P o 8 S Y A e
o=

B TARIR AR FI M BOARSL, TR SRE SMETF & 58 EERAL R R AR . I
T IES T 2RISR AT TR K, B S KRR R S% AN, it FEFE
Redm, SN SOAS o T LA BT AR SRR K 995% LA B TS IR i I B
AP SR BUKIE TR A, 2 JE 4l /K. A 465 — R R M,
B LI FRAR ST AR 772 o TR DK AT it R AL R FH B b S AL
HIMEAR, £E250-300°CHI S EERAFIR BEVEE Y, A8 2 70-80% 1A HLIT AL 3,
T 0 4 R [ T 44 500.4-0.44 kg B il T

TERE R304E L, 5 RV HIMBIAR CEA TE BN TE, 3 R E
AL R T AR A P2 R o Bl 2 904EARR, AL T LA L A7 . (Perth) ()
Subiacoy5 KAL)k LA NL T R — EE R AT S VR R, RS YRR AR
77 1H200-300 LERRHHIFN0.5 the &b .

HS2, FAMR I TS A R e V5 VR AV B K B HOR(10-17%), RIS
e Bl B O A TTIARR 2 o AN T e R BB EL s, DRl A
JEPEHNL SIS E R, AR AR R, FR T LB S
TR =Y (S R

L4. 5T AR SR &5 M AR
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AR SR A 5T 5 Je 2 P I 35  0 RIR AL 5 i BE T S L 46 9 G
[ A=, SN ESRAT PR . H AT IR BTG K e T A AL RO
40-70%, HRZBERKFEAT, Fik, #ig Eag i SRR AR 5 P
e BN L5 ek & AL R G AR LR [ AN AR & RS Ve b
e AN B CAF 7RI, x5 Je A bl & ALV i 2 2 S AR
FUHt R BEAT VR 4

L4.1. VSTRBEARLHI ] 2

FLTE 1971 4F Kemmer {552 H i Ak 2% 5 A0 A 31 T4 75 U A2 A8 B 75145
761, []4F Beeckmans 1 Ng il B 5 Je B Ak i 435 BN 14.1% M8, JFK 3L
FIF PRk ) COD (123, R IFLIR R BE 770 TR AR 5% 5 e 2 [ 71
Btz 5, ENAMRE 2 225 TF a6 55 60R F 15 T B R i B i v A oM A 3 ) o)
& W EA ZAUMERR LR AR 5 e s ThRe AL, I IR TR KRR

WEFR B AGRZEAE, WOR B, WFA], FHEES . MRS, Sy
BRIFLIRSE R . H AR Kojima %5125 58 1 ARG 1B (773 823 i 873K). #fii
[8](20. 30. 60 190 min). JHEHZ (4. 7 1 11 K/s)Hi5 e i M mg b 2 AR ) 5
M, 05 VI B T ik 1) L 2R TRt o A AR T ) (g 38 B, PR I ] R
TR A B S5, B AR A A Dy AR B2 - 823 K, AV [H] 1 h, THIRE %
3K/s.

ATl LR AR TS Ve R AR, R T I AR R RRAE S RS, BT
DATE 1] 4% R o 5 YR B3 AT v A AR ER o L 5 T B35 A 5 97T 2 S W B ek A
A TEAL A

1.4.1.1. YEFHELE

SRR IR S, NSRS, b RS Y R T 5%
AR A, A SN — 7 T 25 B YR AR B AR B A AL, 3 — D7 TR B
KMMFATRM S FHAL, mAESIRIRAL ALBR RIS IR 15 le Y E g
E— M R AR AP IR, 5 K2R 8. S R H AR
7. VLK Rio 25 M3 5K V56 4E 600°C FRRAL 1 h, ZJE1E 760°C T
FKZEIRIEHE 0.5 hy, R LCRERUEL 225 mYg (V5 edEin it . PP
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Méndez %5 NP LLLF SR BRI 75 e R SR kL, BT 7E 450°C PV 1 h 3k
HEER TR 300 15 R 81 m/g KIVSIRHE, 25 LIUKZES NI K, 16 275°C
XS PIRRG VE FE R AT IR VEAL R, 2R R AR 4 h HTEALACRE, PIARTS e Rk
(I LR T A B TF B &S 102 11 105 m¥/g. Jindarom 251 DL — 0B RIS 0S4,
£ 750°C FHUE 0.5 h, WHI&E LR HEAN 61 m*/g IT5 TR 3EH TRk .

W BV A ) 2 U5V B T R PR BRI S AR R T 2 B s iR
Rk SRR 1 2L T LA 46 P93 075 VR 0 e B A7 72 S O LE R T
16, FLAR A e x4 8l ) 1), ) FL L T 27 A R v, i A, S5
P RIA 21
1.4.1.2. fLEIETE

WEETENE, TIFRNZ aEE, R RS R RHR S, e R
TIE MR T TR RE AL, RIS VRIS TR o S Y ) A T B 1
ARJFHEER ST Cy Hy O JeaAE RA S BB IERE IS RIMPER T,
PR 285,380 FAh SR RO S R, BRAh, A3 e Ab 70 7F FA AR A2 ks e % 1
WA A=A, PR 2 R F A TG 3 B S (ZnCL) AL
H(KOH). B2 (H,SO4) MBI (HsPO4)ZE™

B E A, Bl S AA( KOH A1 NaOH) it £k o B2
PHHESF ) Ros S Fl NaOH Al KOH ARG AL %75 e it Pk, 45 L HA7E
700°C FHME 1 h FrF 275V £ LR AN 13 m¥/g, M4l NaOH Ml KOH
AR, 5 YR iE AR ) LR A AT 43 BB N 4 725 m*/g A1 1058 mP/g. BEAL
PHEF ) Lillo-Rodenas™  Fith [E f) Shen Wenzhong®®' L KOH i £k 71143 53 1] 4%
H R TR F ik 1882 m*/g F 1686 m*/g MG IRFETEMERK . i I Bl S
AR AU LB 2 TS AR S 515 e TR B S 8L, 0 20 B 4 A T 1 st o]
FERR AR b S e A BUBRIR &6, 2 S5 1E sl N 20 R Ll — A i S5 R 45 ) S 2 A
FSARFLET 0 o el i S SR i L AL B A5 BT 35 TR e Bk — RO 5 A R AN 2%
TKHT IR B Wk, LABR LR EE T b g ) h I 1 6 1)

S H TR IE 5 2 (0 T ) 2 V5 Ve TE MR BR IRt A 7). U 1 sk
P E BEALEE =7 T R B S Ve SORL R s E IR VA A 2 R AR AL
BAKAPERT: il A B ALK A AR D B [RIB S I N Be S 1k
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NV AT, HR AR I R R 550°C mh BE SRR IRV AL OR ™ o FRE 24T
R PRS2 2 P A %t ZnCly 3 4 T B0 U8 ) 465 Y i MBI A T 2R Ge T
Fe, FHHE T IR, R, 35 A0 B S i IRy Y8 i PR AR A B AL 2% P R
fRszme, AR 8 S T2, HRt vk, FIF ZnCly Wbk HI45 20 3 iiis
KT VG IRIEE TR I K EE R IRy 647.4 mP/g, HA &S 5 M ZnCl, 3467,
F 500°C FHE 2 h, FHEEF A 15°C/min, F HAEMRLEHR )G 3 M HCL 2%
BTRREHRE . AHRFEEENZLL ZnCl, FiE 71 475 Ve i PRk it
FEAOR P A KR ZnCly A HCL (SRR K, X R B i5 eti e i

T S B AIVE TS 2 S KRR S L S R 5 4, AT TR H F B R A
BERREAT IR AL A BT 7 . TOEEA () Martin®V 4 R FIBR R IR AL, 205 R R IR 10
IS TR B TR A A, T 700°C #Vi# 30min, G LLRTRLN 253 mY/g,
FBREA 69.7% M5 T iE bk . H BT A R DA R i A 70 T 4 H 15
JeIE MER A LR IR AT ik 408 m/g . BERRIEALIE BAT VS Yy P TR BRAL I
PR 25, B ATl R A ik ) 6 10 9 YR 3 R BR B K K L R TR 289
m*/g”% . T L A R A 11 6 TS IR PEBR AP AE LE R TR /NI A i AT
B 1) HCHE R

BRAh, A 2 2K 22 A T IS A AR A DA SRS K R T A
(75 JE R HERR . Khalili”M3& 48 V59 56 LA ZnCly AT ALFILE 800°C T #4i# 2 h,
et 2 I 1 75% CO Fl 25%CO, VA ST VI ELIE 1L, B 28] % H L R AR =
IE 1249 m*/g (MG PERR . A% 22 22 S5 OSIE 90 T AS TR0 3 A 7 R0 Ak R 065 e 3 PR R
VEREIISE, 2 AR B I A 2 A v ] 4 (R T M LU B R AR S R . I
HRIE ZnCl, 1 HoSO4 1 5 BC I VE A AR B0 T 5 — & A 711
1.4.1.3. EEHHHE

7 ) 6 b m 058 P A0 B A 2 v 3 A R 1 D95 Y Bk 1 B 2 T i
OB HALBRGE M, H AT A BT SRR S VR R AN [F] &, 7ES s Rl 7E T
Yo 45 A v A7 AR - < e U < R B A, DAERAS BT R R B A 2 1
TSRS A A ek o VRTS8 S A T YR R ) % AR R I R SIS e
ek, I SR T ST Ve B RO K R Cu® IR R . AR R IB N 1%
S XS VRIS AT B, RE A RO R AL AL R, R cu®
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(TR B LR MBI T 23.3% 0 K ARSI K T R T Ve B SRR
NIERL KSR 5 SO Tk f 6 A v-ALOs B 5 Je il ik . bk )a
TR IR VRIS, UL SLI AN, B A FXF SO, AR AR o

1.4.2. {5TRBKE GBI R IR

1.4.2.1. 5RRE S EHE RN R

PARERAE A XI5 Ve i P BEAL 22 Ve PR AR K2 . BUOR R ME Y Hossain 55
NION ) e B M 2 A R A A T BRI B 5 VR R B 7 2
E SR, 45 R WIZE IR A 300°C T+ & 700°C [t A2 s Ve i
TR Mo PIRE G T 400°C I, S A AR5 VB RS T SRR YL, T 244 A
EE R T 700°C B, V5 URBE I BRIOTRME . 1 TSR 5T R LTS Ve B
FRYRBR 490 5 A1 5 P 5 TR S R e R E 398 pHL (B A S B o T . T
FIL KI5 Ie A, 2 AL RS TS ek h A RS N B e & 2 B0
Ko

VYR BB P S R R A LA R SO AT 1 SR LI R T
VeWR A IR s AL e, N TR R A B M B A A R TR AE R NS
YRI5 A A D LSRR B B R, 2. VT pH: 285 R AR AL T A 1
YRR — IR SRR, T LR B R, R N pH M 3. YRR
1) K. Ca. Mg fl P & & Fm R MA LR geff LI )5 218 & . tsbs5 eI
NI RAE A MHK. 2RE 0. AR 1,

T2 H A DA 5 8 B2 P T 17 25 P 33 398 e B 700 sz 1081, 3% 1]
AN INOREATITE A8 T et Ty NN/ Y (/3 (Ea e we g = | 1) s S i A
AR BUR, R Rk, Stk TR e R, XEH ARSIt
ZIEZSE
1.4.2.2. 15T BME TR 7]

AR, B N A 18 TS Ye B AT A MR D9 B 7] 25 B 7K b e AR P B A
WA EAE T RE TAE. EASE R A M R A H 4 KOH &
A4 975 VBB T BR T AT GR Bk BT PR o 45 S B 24 00 20 /L V5 e S
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PERRES, FDEF 300 me/L IR YE KL YeRNAWRAE 15 min 517, ZE B4R
2 ZnClo 25 AE A I 0HE R 15 e R JEURM R 4 T ik, 24T B 43 n &
1.5%0F, BERSAE 120 min WAERIEGIREEDN 372 mg/L HYBLIRIE JER BT Zak
64.9%"%,

W FCRIN 15 YR M Bk (R FL AR 2 A 0t L B Gk 88 43T B K e A IR K
ORGP B AT TR LB R, Be A AR SR B R DR G 1 LTS G R B
1091, Jindarom 25 A\ MU 5 R AN [RI 28 B Yk i -G 2V R 1 22 5, 7E [
FERE TR ORI AR BT . S Bi A CO, T IRAZ 5 e g 1k
B, S5 BH B 7 JRh R B A8 B0 T B B T Y RERIE M kL. Otero 55 MHAKTS
Vel VERR R 1 F & BRI 5T 7~ B BE 12 5 SO P& 7 BuRt B ORI g
R IR R o

5 Ve i PEBION T 7K Ty 3 /N 35~ LD BV B £ 7 ) = S B ke R B 7
(oL 2 [ AN R A2 2 T R SR M AR B s S YR B AR T S K
VERFERIR I B i 20, K AR T IO By 2R o W B o T 7E LR SO
V5 YRR T A B A A RO I B SR (RO B, i e e o 2K R B e T

BEAl, 5 YR E TR AMN BR I8 I R AR F £ BR K R A LA, K ) E 4 R
BT, W Cd®, NI, Zn®', Cutt A, AT BT IR B aE O, S e 2
T V5 YR I PR BRI B 22 B /K R A P(ID AN Ni(ID) o BF 70 & BV pH A& 25 8 1%
PERRAS 42 8BS IR B PERE ) EE R R, ERMEER T T H' 548 5T 7EWR
FIREAFETR PRI, SSBEEE THERE FH. s8I 5K
J I N SRR R G P R TR, R Tk PO IR 5Bk . BRI PO LETS
Ve REVERR TR Iy Langmuir 550 720 M. Rio 55 AN"URILEIRZ T 800°C
HARMTS TR R E AT 63 mY/g, (HILN Cu™ I BE /1 ATHA 277 mg/e, & T
7o S PEBR (182 mg/g). BRI AT WLY5 8 R Vs M Aot 7K Hh o 46 e (R B 7 14 58 55
FA S T A B T LR TR A K/ . Rio 48 HFG PR 3R I PERROG Cu® R PR L
BT ARSI, 1R Ca™ B T B uE T H Cut R & . Seredych
W5 PR () Min Al Zn 545 — 58 (K88 T A8 e ig 7012 A, PEBESF (¥) Martin!'?
RINE L B BRE A 5 1R A 77 2 1T HH K &R L (R-COOH) AT 2 55 (R-OH),  ixX &6
P B e A R 8 I 9 1 A8 40 189 I YR T x4 i S IR B 5 R BE 7
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ATy 23 LATS YR B IR I R F 2 Bk R ) Cu®”, FESRAHRIF 1L
. Bouzid 25 NP 7T R BUK A ) Cu 32 2 DA R RICE 115 T K R T H T 5%
WL BEAN, V5V AR b AT 1 R 1Y R A R B 7R H PR 5, AR T
Cu™ TEHE A I T (IR o

W LRI R AL B, 90% LA B & e B TRk B e e etk b . DRtk
TERG TS IR TE ER T K AC BRI R o, B4 8 OV HR AT SR 2 BRI 19 5%
TE o AR P T AR R A AR S T YR TS M R A 428 NiL Cr. Cd. Pd.
Cu. Zn. As S5 F TR, F S5 i MERRTE (SRR P E &8 3 I H .
i1l FL 3% PR R R A A5 Y8 AR S (21 £ & T fa ke PR s w2,

RIS H & EER, SRR LS, AR, BET, BT
FIT K A BB AU 2 A, 5 e ik X F G DRI 4 AR IR A B 7 T,
BB, AR, RSB RS,

Kojima 5556 7E 823K N #uif I /K Z8 &M 60 min il 8515 LL R THAUA
97 m/g MRS YERR, JEF T A AR . RIS BTSSR R K
W Bt R 75 I B PERRAR 2417

5 VT PERRAE R BB 75 T R 7 R A2 - Ashkova 5115582 T 7578
PRI S R SO, IMR PR BE 7, R IUR 75 54 30 mg/g. 4=k RAETLII i
TR RIASTe A Rk, i 5w A s F AT B, 4 R AR e JE
B 750 O T 2 A B S B v, AT T g eSS R 7 R R AR SO, FRIR
B LA U R R . B s T T AR Bk 5L AL RS Ve Tk
B, 553 B2 G AAT I SO, FIMR B RE, 45 3K A S B I 0 P B LA S5t v T
PREST. ALEI TR 0.5%MF, 5 YRiGPERCN SO, W & Ak 128 mg/g.

W75 P8 PEBR T W B AR 25 S A I HoS AR R AE 1996 4 pi 8K R 1
B+ K% Lu Gao Qing 25 NS IR H 1y, AATTLAIR N5 K) 1538 A kL,
2t ZnCly 354k G ) % 1 EL R I AN 309 mP/g HIvsYeiEEmR, N T HaS
SRR 22 Bk, TEAH R SEIG S AR, TS YRR B2 B AR T R LS PR BRI
25%, AT W5 e i PERAE A B PRI PR R T R AL B AR RT AT I . 2SS P B
TP IR Z 1) A, Ros F135& E AL K= T. J. Bandosz ZUHAEIX — 4k
1T 7 TR NI T fhAT 12 58 T SARIRLRE « V5 YR B 5 Y T M ) LL R THT A
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AR A RIETE REHAIEXT HoS W SCR 20 o RIS Jeidi Mmoo HaS
BT A6 7 Bt 2 BT FEE T v AN AR R TR A S K i KT, ke, KRR
R KPET SEa P A B A & B R TS R M R B HLS
TGVRTEPERR HoS 1 25 32 2 AR T fb 2 W B A SR AR A 1 gkdh, ISR
Wk B BRI RER . BB IR ER SRR C I RE I S HoS I, N
TSR TEYERR HaoS (1 25BRAE 77150 RIULTE A2 HoS AL AR, Y585
P () SS9 T 5 PR RS 731 MR A0 751 7 A 2
1.4.2.3. 5RERE S RME AL

T2 2 FIRS YRR e HoS AL EE S A2 Hh se AL /E I 5 K, Bandosz
JVRAEZH T 2008 - IT AR S5 20K 15 Ve id PEIR A 9 MR B A4 R b B2 NO, BRI RS
IR I e AR S R B AR AR K P IG5, AT T NO, LT Al R B R 1
TR MR TR IR, 575 VeI M i v OB oL S e 7 B T b B
NO, (A FHAURSL, A D& D5 I EE Ve B S AR AL SR NO |
WF ARG . I KA i 2R R S R R S 2 DU i d5 K 5 N k], it ik
SR R A £ OB Bk BRI TS Ve A B A AL, R IS
T CO EREMEMEAIE R NO B AT, 7E 450°C N ixE A A
REfi NO AL RIEF] 97.1%, HIB 600 min J&, AL RFKT 3%. AL
P2 A TR LA AR v R e A 5 T RS M o T8 90 BT R AR i IR RN i DL 53 2% 1)
PR BT AL & I FLBRZS R, O NO (AL I8 T s S 4 At 58 22 W B AN Ak
TEHEALR . 5t R BN, 15le B A B B E IR, 7E ORI EA
B AT PE AR E PERRTAR T, v e AR B T il i R FH A

5 RE R TR 15 Ve A BHE WP 7 T R K AL BERHRIE AR L, K5 e ik =
S IEHE D9 77 T 7K A B A AT 5 U Jes 4 AT

2004 4, 25 [E 2 EUR K24 (¥) Fu-Shen Zhang 25 A\ R4y5 V8 i& PEBRFT TiO, Y
AL RIS NN K, St BEPEES TiO, Wik it Ti5 e im LB . 2 )5
VAR I Hg(IDAE S8 /MG IR T HEAT HEAIE IR S B o 45 SRR B 5415 Ye i PRk
AT TiO, AL IR 58 2 g/L A1 0.4 g/L i, WRBH-MEAL A R AEG 2025 100
mg/L 1 Hg(Il)o 3X 2 700 T4 V5 U i 1 e FH T 7K A 334 A Jir s B2 ) 4T
(ERAEIZHE T b 5 e iE Rk i T B K BRI A(S55 m®/g) 35 Bl 24 1 W5 P ) ok
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F o fERGIEAT b, FHE 22 0] PR F IR 15T - e 45 R R0 i ik v Je - g IR 1) 4% T 45 1)
TiOx WA B T F 8 11 e i 1k kb 1) 4 52 G BT, 9 2% 52 HLAE B ARk 1
T Hg (I i AL IE J5 s 0

ST RS e G EHME AR T s AR S, 2T 2009 4F
AL AR FE IR . 283 S5 AR AT 15 K V5 Ve AR B P2k 26 Rt el A
&5 e b/ AR B kL, IR LR T 2 A0 Fenton-like HEAL MR GBI R K o
B LN [ 1| 8 VAR SSE S A o HE ARV TR R s i) o WF 9 R B 5 HA A 4y 5
M AR B AT L, 5 IRBE A — e B Y. 2 5 RSk
(12K B SCH R DL AT IR Y5 K ) T8 R ROk, i KOH ¥=i5i A1 HNOs
PR S ot F K5 e AT TRAL B, SRJSTE 600°C, N fR¥F R AT #fi, i 4 A
AR LR 5 Fenton-like fA6IE M ARG 7 B HRFEI FesOuis e iE MERR 2 &
AT R IR SR DL B TR X AR 45 e sk, [RIRER A AL
T AN = LA (600°C) 1 J7 VA I % AR A S TRTE TR E A AR, IR S
B b 99K FesO4 X EG, 25 52 X Lok} o [A] 4 ——1- H %0 -2- 25 By -4- 1l IR
(1-diazo-2-naphthol-4-sulfonic acid)[¥] W fft G 77 & 2 A Fenton-like fEALIE 1. ELAL
SRR A AT 1- 28R -2- 25 -4- TR (R P AN (AL BE 123 BIZ0A FesOy
AOKIURLIN 4 A0 2 £ BbAh, Z A5 58 T V5 Ve bk rh e WL o FE Sk A i
FEHRIER, JERE 5 EH MEAZR MR 1E, XA Fe;0u/
T5Ueis MBS 5 (A7) Fenton-like fHEAL B AF 1- 25 %0-2- 251 -4- TR I A2 b 7= £ 1
H ) P BEAT RN, 25 G S v ) 7 50t 52 A 7R PR B PR B A A 0% 1 R i
[14410

W5 Ve i AR A AR 7006 T 2010 47, VEERE B 22 K%
(Université de Toulouse)ff] Lebigue 5 5% [ {6 27 [E 2% Fi (Imperial College London)
(¥ Smith £ F WA G 715 e BAE A MEAL TR R A T A 2 S R m]
A1k HATTCA RIS YR AR TS TR AN —YTiis e A ERE, i B R R K 3R
A, A 6 A [F PR ATS R IR R, R IR S AR PRIy A AT T
AR B B E "), 2 5 Smith 5 R0 P BESF ¥ 247 o 1k 4 JR 3 LK 2 (La
Universidad Rovira i Virgili) ) Stiiber 245 %5 Y i fH A0 751 FH 18 4 0 QA A B i 2
My 2K AR EAT IR AN T o B2 T V5 VR TR VERR AR IRLEE | T 7 VE L LU R
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RIMERH] K5 w8l B A 2K A TOC ZBRAAIREM . IR L
T PR S #88 HR G R B PR AR (0 B PR HEAT VAR o B 9T R R IS Y RE MR A AL
77 ) R T AR A A AR PR B I 2R R OG R, 386K LR T AR AT R T
AR PERIBE . AT Ry . 408 R I B A1 SR R i Ak 22 BR BOR BT
BN BB AT 2880 2% RN R R 7Y o ¥ V16 T M A A A 7 B I T 2 R AR TE AN R R JE ) 4
JEET, 7 EAE)E S FORUSF Tk AT g 1,

TR 5 PR RRA R (i S A b PRI T AT T 4 T JR AR SR (1. 2012 4,
AEFRRL K (0 F LU AR TR a5 K K TS e KR SR RS Rk, i
ZnCly 351k, 76 600°C N M & 153 LR MR RIA 712.8 m¥/g (TGI8 3EiE MR
(SAC), JFFHe HAE Al 71 B Tl RS 2Bk B A i 25 I 7 . 46
SRR 2 SAC HINEN 0.1 g/L B, AR 55 (1 PR 28 /2 s S AU A 2 i
(¥ 5 fifo [RIN I SAC Foln& i3 s T Bk o RAA S s i, A F)
T RAMNEE AR BIIEAT . Z )5, WRIE TR S E B A S TS
VRIS PEBRAE A TN 7K B RR 1 25 BR SR, SR i S A R b I N2 3 1 F 2
P IRGR II5 R VAR 1) SL AU A AN IR R B R S ML B . BT RL R
B, AR5 Y T M B T ) S AR A R R R R R T R, IR IRAS R A OR

[149]

1.5, ARICHIBFFLABTME X

151, ABRBHIHR H

BEE V5 Y8 AR P A ARG, DR H 2t ™ % A bR, 1% 5eT5 7
Kb B 75151 JR BRPESOR I 85 o i) X Ak B 548 4 BT R 7 AR SR A i R
RIS AN 22 . A i R Tl B BRI A HPRE 2 O3 T Vs 7K
Je Ak BV B H B

WG K R ARSI T A R E A, AT DGE S RO TS Y8
BRATRE, H HTIF A RS YRR AT R 32 EERAE D B R B 70 BRI U AL B (B
R 5 Rt AT FR A, R B A AR N o AR AT D Bk Ye R A
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PRI ] T A IE PR R B I ARG o (HRAEAR RGBT 2R/, IR WK T
L5 Vet =G 4R AT T e 2 AU S R B AT AU AR E

R TTE K T el w6 s Ve B 2 S AL A R g i A B ILR K, A
BSOS TR T IR SR 0 — 28 B, RE R RN A HE B« ik
AT S Peim e LE, K5 VEmp R T m g e L2, LS4
FE RIS T35 e WA 2 T A [RS8 SR A 25 5k, AT IR R R B - A i R e % 7
AUERAITTRYINFEIR, SEIH5 ek E SR A A B . IAh, 514
HITEHLECH HUBARAEL, T5iete —FIENL-BA ek, B, HisiemiE
FEALTRI B AT, e rb A AR 2H 7 AN TE L ZH 73 A (A S ML R o 1A ) R A5
WEFCRTT o

1.5.2. AR THIHANE

AR LR AT /K ) R R5 Y8 R JERE, 8 o7 8 S ) s Ve i AL
F, IR R (A = G R S B HR A A AR B R HLIE K o B FE R
ARG =5
(1) Fes04/75 15k 5 & % FH Fenton-like 18 A7 1] 86 S FLAE AL TG PERIT 75

M R - B — A & R B R S 75 TR Bk B2 & 22 HH Fenton-like fi
L5 Fe-SC, @it AR/ 7 H AR X 5 Fenton-like HE AL P AR G P 5 EAT R AL o
EREA MR 75 W% AE RN AFERIZN Fe-SC L ZAH
Fenton-like L B AR IH BG4k AOIL JEIK KIS, JHAENR ) 3-2 #H Fenton-like ff
WEAR A 2% 5 575 R ik A AT R 8 M o 55 Ja RS Ve Bk AR TE 2 41
Fenton-like {44 5 B A I FITES (14 A #EAT VR AR
(2) FesOu/T5 U8Rk 2 5 AR AR 205Uk 2- R (1 F 72

¥ FesOui5 RIS A AT (Fes04/SCO) T HEAIE 2R AL B i ik B 2-50 %
My, 5% Fe;04/SC 7EIR AL FAL S N 50 2- AR AVE T TOC 1Y 2 BR1E L o
W LRGN S S A HP AL PR 2E 0 I R R TR 3R, 3 SRIB/INBIGRE S I R 7V o I
PRUTT5 VR I A AT Fes04/SC LI AL A 2- SR (1 2 BRI
(3) Mn-g-C3Ny/i5 Ve B 56 B ME AT (10 1) 2% S AR A0 s PR RIE

&5l E Mn B0 S AHENIR(Mn-g-CsN) B & A7, i#id XRD.
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FTIR. SEM-EDX. XPS &R AEF B AL AIEATRAE, $RIT Mn-g-C3Ny 43
WAV i R AE S e IR B A T 45 & 5 0B L B %8 Mn-g-C3Ny & Mn-g-C3Ny/
T e i 2 e A 7R 0 it i PR ST e A 3R R K PR A SR S SR B 1 O RS
PR R AAAE LA A S TS AR T o o A7) B B S A RO A R ek A T
Wi,

1.5.3. ZRICHIFREX

AT FE VAT B 5 Y6 9 I R 2 s e i = A AL, AL s 2R oK Ak
Brh, AMBEA B SEHLS TR R IR, IEREB B AR IR H ¥, uisie
AL EART — 2T H B

AW TG TR Ve B A MR E AL v 2 A S B A K AT AT
P, FEXSTGURBRAE N BARLE S A K AL B b R RV E AT 4R, AT =& A
RIETIETRE S AR AL B 2 A BRSO B 1 &R

WEFE A H I A2 A1 Fenton-like AL 2SI A0 R 4R S84 1K =T
W FCANNL [ R SRR, A HAT AR YERI SURE I A 25028 IR0K
AL FT HAT IR 9 A0 5 S Bn i e 94 S5 S A R FH $ A w5 0 2 1
SRl AR A o
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Table 2-2. Analysis of sewage sludge sample

Proximate analysis Elemental analysis

Moisture (wt %)  Ash (wt %)  Volatiles (wt %) C (%) H (%) N(&) S (%)

84.4 44.6 56.2 22.9 4.0 4.4 0.7

Ash analysis (Wt.%)

Si Al Fe P Ca K Mg Na
14.1 3.6 4.5 4.1 2.7 2.3 1.9 0.6
Ash analysis (mg/kg)

Zn Cu Pb Cr Cd Hg
825 147 40.7 45.1 24 4.5

2.2.2. SEIOAN AR

F 2-3 LI PTH] £ EALS

Table 2-3. Primary apparatus in the experiment

&2 IERAS AR
AVE IR SRR DHG-9023A bl —ERH AR AT
TR IN PV T 1 4 2% DF-101S FIR A EA IR IR T
CEEN R SKF-2-12 WU R A B A PR A 7]
OB VAL JP-C100 J M T A T R PR

HA AL 2X-1 (R i -

HL AR 4R 3 7K A DKZ big— 1R PR A A

pH it PHS-3C MR
COD B A MS-3 RIS R AR ST

2.2.3. EALFIRIH] &

(1) — Dk i5 e A B B S ) -
¥ 20g Ti5 IR A F] 150mL 0.5mol/L, pH N 2.5 ] FeSO4 V&R T, FEEIR T

36



3 2 % Fe;0/75 ek 5 4 % 4H Fenton-like {4471 1) £ S FARALTE AT 58

REE 24 /N, FBEREZE RAXT 60°C ek 75 KT 1, SRIGTE 105°C N4
T 12 he KBTS E T S B R E — R R AR 2h, FHRDE R
20°C/min, ZE/SRE: 40 mL/min. iR AFA NaOH Wl 1 2 M EAT
RoPE o FRrfREE ROFA H B SRR R AU, BB TokuEsk, B3I gt
W L10-FE B IRA AN RAL A CRETIN Fe ik, 85T 105°C 4+ 12 h,
1L 200 Hfi, 137 Fe-SCo

(2) WDk a5 Ve i/ B S A Ak

—H 0 R RIS ) 4 T TR B SR i B IR T 4k 3k A5 AR IR Bk 47 3 TS R Bk
R Ja A . BB B 20 g Fi5Y8 8 T8 U T 650°C T #4i# 2 h,
THE#Z N 20°C/min, FSME: 40 mL/min, A58 3750H(SC). ¥ 20.8 g
FeSO, 7H,0 H/bD & MZMM/KE M, JHHTT pH & 2.5, ZJFIEHMA _L—D
J3RAS 1) SC w, WRAIS), T 105°C FHET 12 he BONE A PHA P AR,
VESRAFIA) Lo B3 J5 [ A =) F 26 B8 7K, 105°C Bt 12 h, 1 200 H ¥,
AL Fe/SC.

BBAt, T RIS e B A HEAL I B LE 2 A1 Fenton-like S H BT &2 IR H
AW T F IO 43 & S AR I A o JEOR—— R il £ A 7 Bk 11 )5
B, RIREEH — VR AR R B 260 F il & 1 B S R R 25 2 A
Fenton-like AL, fir44 4 FeWC.

N T IRAF TN & BBARRIGVE, FRATAIEE 5 /K A2 | — HA R <t B4
HUS LG VTS Ve BVl . (RS0 = R &0 W 7 4 I B i s %, (AR5 TR IIE K
PEEF R S B BIFE R LT 85%. 2 KV Bt g, I RIT5 e ve
PEFREE N 0.5 mol/L 1) HC1 &5t 12 h, 5.0 Ji5 F 25 3 F /K Peisk 2 W pH 1HE
K& UL FREFP A BRI I T5 Ve fr 40 SS-A, Gl HIK & B4 4.3 wt.%.
ZJEAB T LR K K 157 SS-A {E A, F—BiEf@A RS &
1) SAAMEE, AR SR - 230 DU AR DY 8 (Tetraethyl Orthosilicate,
TEOSE NAEVR, Al(SO4); Al FeSO4 7TH,O 73 HIVE AR TR ARG . 4145 5644 K
T LR 2-4.

R 2-4 IKKPT5RBR(SC-AVTAE MG ) % 2% AT
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Table 2-4. Preparation conditions for SC-A based catalysts.

Sample SS-A(g) TEOS (mmol) Ethanol (mmol) Fe (mmol) Al (mmol) Fe/Si/Al

FeSC-A 2.5 0 0 3.60 0 1/0/0
SiSC-A 2.5 3.60 3.60 0 0 0/1/0
AISC-A 2.5 0 0 0 3.60 0/0/1
FeSiSC-A, 2.5 1.80 1.80 3.60 0 2/1/0
FeSiSC-A, 2.5 3.60 3.60 3.60 0 1/1/0
FeSiSC-A; 2.5 7.20 7.20 3.60 0 1/2/0
FeAISC-A, 2.5 0 0 3.60 1.80 2/0/1
FeAISC-A, 2.5 0 0 3.60 3.60 1/0/1
FeAlISiSC-A 2.5 3.60 3.60 3.60 3.60 1/1/1
FeAlSi 0 3.60 3.60 3.60 3.60 1/1/1

2.2.4. EAFIRIRIESE

AL KA 20 A5 18 ) MasterSizer 2000 BOGRLE AL (FE[H Malvern {X 284
BRAF]D BEATIE o MEAGTIAK 53K F B BHAES 2 AR HE I € 7772 (ASTM
D286-94) . {4k 771f) %5 i, 5(The pH values of isoelectric point, pHgp) i ] Zetasizer
NaNo ZS B! Zeta HALMI X (FEE Malvern {UEHRAFD #AT 04, @M
SEANE] pH M AL AR T Zeta HIAAA, H Zeta HUAZ-IATR pH E X R K,
AT E HEAL TR pHigeo AL EE R AR A Autosorb-1Q-MP A 4x H 34 B AL,
R (3£ HE Quantachrome A w]), T 200°C TR 2 he THRHEA TR
FE 77K) FiEid £ f0 BET LR MAVEEAT I E o 40500 19 3% 1% 58 i3
JEOLISM-6330F 7 kS A 8 (HAHR PRt ST igs, #yEdk
15KV, AT 5542 J8 70 3 2 &8 Optima 5300DV F Hi JsGHE 445 55 1 4- Ji T
RAEREA (E[E PerkinElmer A &) JEAT /A€ , EALTH IP0AHIE T D/max
2200 vpe | X BFRATHHMY (HA RIGAKU A #)D) #HATHIM, CuKo 542,
DEEH 40 kV, HLIR 30 mA. [R]85S 3% E ESCALAB 250 %Y X 't L1 Re i 400k
AT Fe AN SZEATRI 4T, ML, Al Ko FHER, Th39 150 W, Al
25N 107 Pa. I C 1s (284.6eV) NFMEBETAZIE . X AR FEANE 70K TG 209
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T FE M7 (Netzsch A#], f8E) 5 Vector-22 HY{# B IH- AR 2T A 14X
(Bruker A, {EE) B ARIATRIN . I35 VG B V=R 2 900°C, FHiE

HE: 20°C/min, ZASIMIE: 40 mL/min.

2.2.5. 1AL EREDEY

2.2.5.1. BALL

7E 250 ml H#EH I — %€ B B AL RT 100ml SFIKERT A0 11EWR,
AO 1 &) pH 15 0.05 mol/L ) NaOH A1 0.05 mol/L 1) HySOy 177 % Fil i&
B BHIEME TERIRZ & LRGN @RI 0.45 pM KI5LIEE
REUE LIRS AT, U DR o R B AL TR AOTL 35 31 P 2.
J&, HL 60 mL VA AT, KA pH VA &R TR, AN — & &I A E(S
vol.%), 4KEEitit, BERE—E N EERE, J9E, ME BT AOIL FILRIKE, it
T
2.2.5.2. FELERELLE

N T RSB BT 4% 1K 22 AH Fenton-like f AL 7 (45 I 25 i, AR B BT TR
IELE 7 5 - 2 4 Fenton-like #54  M 4% (Integrated membrane-heterogeneous

Fenton-like catalytic continuous reactor, MHFR), 11 2-1 ffi7s.

Membrane module

AOIl  Air pump Effluent

A 2-1 MFR 5 b #57 2 ]
Fig. 2-1. Schematic diagram of the submerged MHFR reactor.
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R R SRR 2.5 L AN CRAERIGRR Tl RBLEE,
SIGFAEA 3 um W BRE TR B A AL, KRG, HKRS, LA
BIN&%, pH AT RAMBEIRS.

SN FFUET 6 1) [ N2 NVEN 2.4 LIKFEN 100 mg/L ) AOIL &, 4.8 g fi
7 J 36 mmol Hy0;, (30% wiv)e JFEBEKE N AR EL 20 mL/min F70E
FA 100 mg/L AOIL iR . 5k [FIN A JE ik SE AL EZE LA 1 mL/min MO 88 IS
AN HaOp ¥ (1.02% wiv)e JBEFEHEIE NaOH Fl HySO4 AT A3 pH
{RFFAE 4.0£0.1 TLEI P . BRSARGELL 5 Limin fA A SN 28 J6 5 17 RS,
AR A FRUAE SR 28 SR B IRAS o OSIVRLE AR 22 4 B I [R] 292 2 h (BB A
SRR
HURE 3 BT HH 7K e P R

I 8] ¢ = )» e THUET A R AL il 2 Y B s o S N A R RE I

2.2.6. FHTHE

SRR AO T EE F Vis 7200 7] WOG 7 6B BT (Rl R -1 TAUES
ARAFED, T-484 nmAbPEWOGEEREATIE « [ FEHAO TTIUV-vis)l 1 32
WAF ORI UV-3150R A 0] WOt 73 66 EE T (H AR Shimadzu) #E4TH & .

R pH I B L e B e A S T FIPHS-3C R pH T .

TRV HL 00 FE R F B BR U BK b 2 gt AT I e ) o Al 9t 49405 nm

TR Ak 2 75 S B (COD)R F FAR TRV AT 5, BV e ] — Ak B 25 1
BARMH02, ZJ5 K HIMS-3Z4CODTIB I RAX (LR PR EERL A0 ST HEAT T
fifto

PER RV 4R TR B2 SR F Optima. 5300DV 78 e JGHE 2 25 5 1R - IR 7 Rk
SRR (£ E PerkinElmer A &)) 4TI %E o

MHFR H 7K 3 B A5 2 100N B okt 55 A3 5 (36 ETHACH A 7] ) o
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23. £R 5T
2.3.1. {5 Ki5E-FeSO, HI# R 2

XFT LRI N JERHE % Fenton-like M40 BRI AT, A 700 RV P25 A —
ANy EE NS H. TGA-FTIR /& H i |2 FH 4 RE 0 A 200 A o 72 v 47 o
B R A SRS DL A U O T B e B AR R, AT AT 1 S
TGA-FTIR %5 YR(SS) &5 Ve-FeSO4 IR A1 (Fe-SS) R fif it #2047 I Il 4347 o HH
Kl 2-2 Al LLA Y, SS A Fe-SS ()R HLAT NAE 15-470°C BYTHR I R s A AH [A] o
Il 470°C % 600°C Z.[H], Fe-SS fA{EHRIIHREIE, iRk EETH S, Fe-SS
3R B RN . SS Hl Fe-SS ANIRI B # A ATy n] LAAAH B = 42T 4
e RRE (B 2-3 Al 1B . 5SS =4E204ME ML, Fe-SS 7E it
FEAAETERE T 2 SR A AR, RE S0 /2 7E 470-600°C 2 [H] o

(A) 100 (B)
80

60 |-

TG (%)
DTG (%/min)

4}

20 F

100 200 300 400 500 600 700 800 900 i 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature(°C)

& 2-2 SS 1 Fe-SS 1] TG 1 DTG
Fig. 2-2. TG and DTG curves of SS and FeSS (heating rate: 20°C/min, nitrogen flow rate: 40

mL/min).

Hi DTG HIZe M =ZELAME BTSN, ARSEEed5ie SS M#E AT LURE s A
A EL BB (15-210°C): 7EK] 2-3 A1 TR I =4840 AhiE v 1350-1700 cm™
J2 3500-3700 cm™ (111X [ Py A 452 580 (¥R AC U6, Sk el S e ot I8 7K 4 HH O-HL 1Y)
TR A AE AR SN o T WL B — AR B G N S AT R TR B K R bR s B
Bt (210-600°C): M 2-3 A1 () =4ELL A [ B a] DOWEE RIBR T 7K 4 B i g
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Z b, AE 2250-2392 cm™ A1 2800-3050 cm™ X [F] P iE A 5 C=0 5 C-H, FIRXFK
PRI & HIRFIELE, RIZM B SR~k T /KIEH CO, FIkE L&Y,
AR 1 45 2R S ST A 3 FT DAARE T 5 — B B R SR A AN, aobESR . S E AR
KIS, MR R BT FE 5 = B (>600°C) 1 = ZESARF=H N CO,, Tk
PTI98 IR IR H 2R A R . S5 2-3 AL AHEL, BR T AUk R
SARPEAL, AEE] 2-3 BI HUEATUEEFILE 470-600°C Z[A], AFAEAGBRZLE SO,
WAL (1300-1420 em™ it SO, AXFFRAHZEHRED) o

P —— _ B1
(A1) s = (B1)
e T ,_JN o |\ 1.0
09 I ‘ \ | 09
| l
08 I ‘ | ‘ 08
t
07 | | | 07 \
[ | £ o6 | |
g os | ‘ ‘ T o8 |
s | =2
=] - \ |
2 05 [ 05
g | g
04
g 27" |
2 203
2 £
0.2

(A2) 0.20 (B2)0.20
CO2
Jos8
0.15 015
Jos6
E:cd E:cd
2 010f 2 o10f
= = J04
0.05 | 0.05 | {o2
0.00 . . . . N ; 0.00 1 . 1 h 0.0
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
AEIREE (°C) FIRSE (°C)

2-3 SS Fll Fe-SS #Ai it F (1) 4= sl AR 1) = 4E 21 #ME B (A1 A1 B1); SS (A2) 1 Fe-SS (B2)
PRSP HyO (1508 em™), SO, (1375 em™), CO, (2359cm™ AT C-Hn (2933cm™)fifi 4
figp-R B AR AL 1 1

Fig. 2-3. 3D diagrams corresponding to the gases evolved from SS (A1) and FeSS (B1). Evolution
versus temperature of the bands characteristic of H,O (1508 ¢cm™), SO, (1375 ecm™), CO,

(2359cm™) 1 C-Hn (2933cm’™) for SS (A2) and Fe-SS (B2).
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NT D, AR =42 4ME R Hy0 (1508 cm™), SO, (1375
cm™), CO; (2359 cm™ A1 C-Hn (2933 em ™ )WURN AR,  FEAE HI 5w R UL 06 %of 87 £
5HR FEE O g I P T v AR A S T, ] 2-3 A2 A B2 7. fE Fe-SS #fifid 1%
Fr A7 KB SO, Fll COy A2 s H 35 1E 200-600°C I3 715 FBl P AR AL AR B A — 3
X EH T FeSO4 B2 SOs, SOs #E—H 40k SO, Fl 0,1, Ay 0, 5
HI) C B, AERE COpe PRV S0 6 BAE AR T IS EL B R ok, KA
AT AL BRSO 5 SR A B

2.3.2. J5YEBR/REAMME A AT EIRAE

% A1l Fenton-like M7 A RIURL RS S S SLARAL TR PR — N B2, A
B I A 800°C T il & W5 e 5% (SC) A 1 B Bk B AL M V5 e it B & 2 M
Fenton-like #4457 (Fe-SC) FH IOE KL EE 73 M SO FoRLAR 70 AT 15 DL iZEAT 70 o

(%)

L3N

% 0.035 0.5 5 50 500

'/: (dm

B 2-4 800°C | #fif il £ HIHE AL FISCFIFe-SCHIRLAR 43 A

Fig. 2-4. Particle size distributions of SC and Fe-SC.

B 2-4 25T 800 °C I il (IS TR BR(SO M 7 B A 5 Je ik B & %
# Fenton-like fEALT(Fe-SCYRIRIAR AT TG DL PIRMHEALTRLAR 70 Al T A ]
PR EAS 4, 73309 23.0 A1 27.1 pm, FEIEEER B S B0 A0 R RITRE R A2 A

TEFAM o
N T EMEAFFTESURFAL, AR SCy Fe-SC #EAT 1T B . A
2-5 AT AE Y, fELT Fe-SC HIZRIMEL SC HAHRE, AAAEHBIL/ INIRL, X

e /NFR T2 B R A AL 7T Fe-SC
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2-5 800°C N #A it il % K L7 SC(A)FI Fe-SC(B) SEM K

Fig. 2-5. SEM images of the SC (A) and FeSC (B) pyrolyzed at 800°C for 2 h

N T BT & U R AEMALT SC AT Fe-SC R /3 Atk B 2-5
Fios X385 kAT 7 EDX REil 43 404, 3R 2-5 R i 45 SR T UG SC R T
TREMITEA C. O Si fl Al, 5 SC 1) EDX &5 A LLEE, fEekE s
[] Fe-SC AL Fe &S H1 3.4%38 2 15.3%, RUBAND C T
FIZTH .

% 2-5 EDX 7 hras B

Table 2-5. Results of EDX analysis

Mass content (wt.%) Atom content (At.%)
Element (keV)
SC Fe-SC SC FeSC
C 0.277 22.1 11.9 37.1 22.9
(¢} 0.525 27.0 21.1 34.1 30.0
P 2.013 32 5.4 2.1 4.0
S 2.307 1.9 2.6 1.2 1.9
Mg 1.253 0.9 1.5 0.8 1.4
Al 1.486 11.9 14.2 8.9 12.1
Si 1.739 17.8 20.1 12.8 16.5
K 3.312 1.8 3.7 0.9 2.4
Ca 3.690 2.1 42 0.9 2.7
Fe 6.398 34 15.3 1.2 6.3
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BT EDXCH € BTG F 70T » 430 45 SR A BEAS &1 o R AR 1t 24 SC I Fe-SC
SR FH B AT A0 b 2 ) FHICP-O ST & AL 77 i Fes SIFIAIRI & i, 4550
FR2-6Jf17~ . ICPIIE S5 S SEDX 4 RAHA A, L2 H TI5RE S
AN I R o AHZICPIIE [ Fe-SCHIFe & B 412.9%, SEDX & &40
G5 R (15.3%) A — 30, dH AT DA W7 — 2200 R A Bk S8 A M 2 S0 i o3 A T4
(RIS ZEN S

2 2-6 SC 5 Fe-SC I3 Wy FRAk 24V iR

Table 2-6. Physicochemical properties of SC and Fe-SC pyrolyzed at 800°C for 2h.

Sample Fe (wt. %) Si(wt.%) Al (wt.%)  Ash (wt. %)  Sggr (mz/g) pHiep

SC 39 10.4 11.5 68.5 18.9 3.6

Fe-SC 12.9 8.4 7.5 89.6 14.3 3.4

1 T 8k E AW B B A 45 Fe-SCHI K 73 & & % w5 T-SC, 73 73 9/89.6% Al
68.5%, T WAEAFIFIEH R L TNy o hah, MEE2-671 IR T] LU I Rl
TR ELAT AR 1) 1 B R T R Sper A pH e o

IHAME T ICP-OESIE K I I Fe-SCH 7 450.9% Ca. 0.6% Mg 1.5% P, 1.6% K
10.2% Na. D RMEMESEICE, WZn. Cdv CuliMn, HEE5HH650
mg/kg. 11.5 mg/kg. 134 mg/kgF627 mg/kg.

N T WE SC AT ARLLRL, AT 705 HIXTAE 800°C T il # 1)
SC F1F 600+ 700 800°C T #uft il £ 1) Fe-SC AL (5 N Fe-SCeoo» Fe-SCroo
Fe-SCgoo) #E47 XRD 7347«

M XRD ElH (E] 2-6) ATEAK I, 1E Fe-SCsoo 1) XRD i B H {7 T 20 = 35.5°,
62.6° 1 30.1° AL H XTI FesO4 HI(3 1 1), (4 4 0)F1(2 2 0) &4 TH HIAT 411§ (JCPDS
88-0866)""1. X T Fe-SCsoo LT Fe;04 ISR R ), FIF Debye-Scherrer®”
ARHAT 5

D = K\/Bcosh (s 2-D
Arf D R AR RS (nm); K NEH @I K=1; A& X HEFE K (m), A=

0.154056 nm; 06 AT fAi(Rad), B Jy-{:U& %i(Rad). Fe-SCsgo fEAL ] HT 20 = 35.548°
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REFEALTK FesOu T, midE I Jade BOFA E A6 800 0.7520. 4 A1 BERE AL B
IREEARN 2-1 AT 54T FesO4 BURLK /N2 12.3 nm. 1 SC H AN i T
TEBAL, BRI AE TRAR AES, B XRD 1% E IR
W51 FesO4 fiTS I . LA Fe-SC 1) XRD 3 H it a] LU 2 Si0,, ALOs,
CaSO4 J% NaPO; 24 .

- 2 1. Magnetite Fe30O4
2. Quartz SiO2
3. Aluminum Oxide Al203

13

2
Fe-SCs00

Fe-SC700

Intensity (a. u.)

LN D O

Fe-SCe600

SC800

0 10 20 30 40 50 60 70
20 (deg)

B 2-6 Fe-SC(600. 700, 800°C il %) SC(800°C T i+ )] XRD KEi

Fig. 2-6 XRD patterns of SC, FG—SC600, FG-SC7()() and Fe-SCg()()

BEAh, AHFFRIER T XPS X Fe-SC MEALFIBEATRAL, HukfAA HE mHid
JEH] Fe 3p i ERAIT FeSC i Fe M &, g5 R 4n 2-7 FioR, ATLAE H Fe 3p
(45N 56.4 eV, 5CHRIGEA — 8™, 1 Fe,05 H1 Fe 3p 4L A REN T 55.6
VI3, AT 52 (¥ &5 FAH 22 50K o AR XRD A1 XPS )45 58, 7] AT Fe-SC
Hf Fe /& LA Fe;O4 FITEASTEAERT
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Counts (s)

64 ‘ 62 G0 58 . 56 ‘ 54 52
Binding Energy (eV)
B 2-7 FeSC i XPS (1) Fe 3p i H]

Fig. 2-7. XPS patterns of the Fe3p region for FeSC catalyst.

2.3.3. HEAEEERFREERRR

H TGA-FTIR (125 5 ] A1 47 k7 SC 111 FeSO4 7E 600°C A% 58 4 7 i -
PR, ARHF 5T IEEL 600°C 700°C. 800°C F1 900°C 1E N #MFIEE, 4 Fe-SCeoo>
Fe-SCr00, Fe-SCsoo Fll Fe-SCooo VUL, FFELALEAITH Fenton-like HEAL I 1%
Hi Pl 2-8 A T R] LA HE B S IR IR (T, Fe-SC A0 771 T 2% B8 32 38 Jin 32 3
FERRIBWT N, IKOTIBEIE N, AH R Fe &R H Fe-SCoo 1 12.3%
B K % Fe-SCogo HH 1) 13.4% (P 2-8 B). Xt AOIL i HI i tabfig, szt
WRCBH 1 hoak B P45 5 I\ HoO, ¥R IT 46 Fenton-like fiEAY, B2 h 5 HE
WO e RS, T R . WP R DY A A R R I 16.9% 15.2%.
14.3% 2 12.8%H) AOIL B B T~ HEAG IR TR, A SBE 25 SRS DU/ S AOTT
FR R £ 50 5 90.7% 93.5%+ 97.5%A11 95.6%. AT WL Fe-SCgoo A7 ¢ o i
s

M 2-8 B 141, 5 Fe-SCgoo Ml Fe-SCroo H L, Fe-SCsoo LTI Fe &5 &
W 1 o 1K IR PEASE FH AR R] B AL TR B I BB, Fe-SCoo AL R P B H 2 1)
MEALIE AT 5, M 2 B B 58 (1) Fenton-like fEAL 5. 4k, MIE 2-6 ) XRD
AT AT LA HY Fes Oy FAIT S U Bt 25 A0 B2 (R T v i AR 5, — 5 THD P R Bl T
i BE S FesOu MURLIRAS A (45 S0, 53— J7 T Y TAEBUIRHVIBRE T FesOq
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MR8 o — V5 Ve Bk, SUm It XRD K, TikEE PR Er T, B
1E Fe;04 KIHI [ C WK beha, [315 FesOp 255 HIoK, M (RE A 70 A 82 A V85 1 43
EEe

B PRI B AR 22T 151, Fe-SCooo ME AT HIMEAL IR I BT Sk T B2, — 7
T EH T i T A 75 A 750 (0 Bk 2L 200 3 S5 A R L e T ARk, 3 AOTT 1 Pt
REJJPEAR: 53— J7 P Re BT A AR R TP AR AE R B TS PRI, A4 FR ok ai g
A KEMI-OH H H3E, TM-OH I MASE 1nsP%, 52 IR B s R A R, 7
A1 OH oV 5IEHCH I AOIL S B, M3 -0OH M K. K, 7E )5 2:5L5
HHE L 800°C Ay fi Ak 71 1 il 44UV

60 |
{90
I _
-
_ {88
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< S
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p J
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54 ' ' ' L 82
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Fig. 2-8 Effect of calcination temperature on the Fe-SC production and ash contant (A) and
influence on the Fe content in the catalysts and the degradation efficiency of AOII (B) (Fe-SC: 2.0
g/L; H,O,: 15 mM; AOIL: 100 mg/L; initial pH 4.0; reaction temperature: 30°C and reaction time:

120 min).

2.3.4. BALEMESHIETTERRR

R () Fe/SC AT Fe &8N 14.2%, PRI EAE 26.6um,
Sper A 13.3 m’/g, pHipe 4 3.8, 5—LL #1131 Fe-SC HIAHICAHL b 2k 5 5t
AHFE (W 2-6),

AT M=k FE G 5 % FTS Fenton-like & & A6 AL
RER 25 57, AT FU 50 3% %2 1 Fe-SC K Fe/SC HEALFTINT AOTT W Bt Sz (ALt R
23k 1 h R, 2300 14.3%F0 19.7%[1 AOTT 4Lkl 73T fft T Fe-SC 1 Fe/SC
Fo fEARNHEAT 2 h i), Fe-SC fEALIA R AOIL Bl L35 5 97.5%, Fe/SC
TRZRIIN 98.9%. A WL MEILIR R 5T AOTT (it R IEAAR . H R S 45
if, 7E Fe-SC 1A & K I #:% 0.373 mg/L Fe, Fe/SC & RIEWH Fe &1
WIEN 1.223 mg/L, ZIATHETE ) 3 £ 0] W Fe/SC H B iE PEZH 73 LE Fe-SC
IR BE 25 Oy A2 RS AR g

[F B A FUTE TR S S N MHFR Ho 7 125 6 46 T A5 A0 7R R4 FH 5
AT L. Wik 2-9 A FingE R, Fe-SC ALK 7 5256 45 A (600min) 3 {7
FEE = AL T 1, T Fe/SC AR A3 14 7E SR 1B AT 1 210 min f5 FF 46303 T B
N T RI Fe/SC RIGIIE DN, X R K i AT, 45 9 om th /K i vk g
BMET 0.300 NTU, RJ W B 88 I e 6 A7 280k 15 e ik B2 AL FRDBORE R 48 T e B
#&WN, T H Fe/SC & #5561 AOIL it (L RE I I T B&EFEASZ H TR AR Fe/SC AL 71
RSB . RN AR T E TR R oK Fe MIKEE, HE 29 B ATRUK
I Fe/SC 4 5 MFR /K Fe B Z 25T Fe-SC fA &1, H 210 min J5 Fe/SC
R R K Fe WRBERVIE TR,  H1mT A2k #h 137 2k 7T e /& 53X Fe/SC A &
feAb TEE TR BRI R A

Fe-SC 5 Fe/SC ¥ HHARFI: (122 57 FT BB A2 BH T Fe/SC AL FRITE Hl s F2 2 2k
G VR T Wb T f gk gk Eh, BRI B IRRTE TS Ve B 3R T, 5 #iA 5 e ik
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A TER, M et AR H S T VR IR BUR AR IR — 22k i 451
Fe-SC AL th kALY e B ZE [H HA S0 ik T SC #fhrd. Kk, fEJRSm
SIS, AT IR — IR R A AL

W (®)
1o T=feSC 35 _o—Fesc &
=é=—Fei3C —A—FelSC
30
0.8
S 25}
o 06| E
o 2 20t
5 04 § -
© o 15F
c ",
02} M g 46 /\’_‘ —
00k .'bm - IR R 58l (
' 1 1 L | L 1 1 1 1 1 1
0 100 200 300 400 500 600 0 60 120 180 240 300
Time (min) Time (min)

B 2-9 Fe-SC Al Fe/SC fEIES: [ N 2% HH %t AOI AL B AE 11 1 EL L (A) PA B Hi 7K Fh Fe 3
FE (7R A DL (B) (AL 77 P& 2.0g/Ls H,0,: 15 mM; AOIL: 100 mg/L; [N E: 23°C;
RIS 2.4 Ly KJJEEEEE: 120 min)

Fig. 2-9. Effect of consecutive experiments with the Fe-SC and Fe/SC catalysts on the degradation
of AOII solution (A) and iron leaching (B) (Catalysts: 2.0 g/L; H,O,: 15 mM; Orange II: 100
mg/L; reaction temperature: 23°C; total volume of reaction solution: 2.4 L and residence time: 120

min).

2.35. R ME&EE AOI AL R R IR R

2 Al Fenton-like HE A7 A3 11 2 52 31 B N2 AR A, IRLBEAS SRR T HL 0,
WIGEWRIE - GERLTARIREE . S NEile FE MR pH Xt Fe-SC AL TERERI TN, 1
SE T AR AL S B2

2.3.5.1. H,O, WIEEIREXT AOH Bl AR IR IR
%t FFenton /N, A& R HHL0, 1K FE H R4 -OH H &S A . HiR
N RER2-20T %0, FEA#E100 mg/L AOIAE W AT 75 HIH,0, B 115 N 12 mM
C16H11N;NaO,S + 42 H,0, — 16 CO, + 46 H,0 + 2 HNO; + NaHSOy (X 2-2)
DR AT 7025 52 1 HoOo W SRR FE N9 mMIE I 2518 mM i FE HFe-SCHA R
HAOIM A ARG O . LT FEH 11100 mg/L AOIVE H IMA2.0 g/LI]
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Fe-SCHEALT, 460 minik ZIRP-F# 2 f5, B SRR IIAA [F & K H,0;.
Tt 4fiFenton-likefl 14 B7 o E12-1091, 24 H, 0, [0 B N9 mMES I %2 15 mME, AOII
(1 €22 B 2 B, 3 R A3k A T 2 v Bl T AOTTF) it 62 33 i 3= ZE L T~ OH H
F 5 (1 A BOR EE TR 7T Ho O FRIVAC B2 189 6 ) T AO LI B o (HL " HL O, IR
W2 18 mMIN, AOIB 3 iy T B o 302 T4 & il & T H, O, REA
AReOHAE BN T-+OH H HE CRALIEJF LAY : 2.8 V) G 1 SEIR I HO, H HHRE (5
WIBJFEHAL: 1.7 V) (302-3), oAb &) H R [ 2 R AR AR LR 1 OB
(2-4.2-5) , MM FEA LT G B AR AR,

H,0, +e0OH — HO,e+ H,0 (0 2-3)
HO,e+e0OH — H,0+0, (X 2-4)

e OH +¢OH — H,0, (z{ 2-5)

10}

08

06

c/C,

04F

02F

0 20 40 60 80 100 120

Time (min)
2-10 AN[F] HyOp HIARHEE RS AO I it (4 23 F 5
Fig. 2-10 Effect of hydrogen peroxide concentration on the discoloration of AOII (Fe-SC: 2.0 g/L;

AOIL: 100 mg/L; initial pH 4.0; reaction temperature: 30°C)

WAL, AT 5T R A 22 M Fenton-like 4K, SN H 4 |32 A% FH AU Eh — 2R 8h 712
A2 K0-9), WHE2-10H KB IR BT IS

In—=k, 1 (X 2-6)
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Fln (Co/COF I BEET TEIVEIE, 285 E2- 11T, Bk AR5 R BRIk 5]
0.97UA L, FRHHMLE R NIEAEDY— BN 1% i HE . i U T A Ha O R P
St I 1 J B S K, T A G Fe-SCHE Ak Fenton-like 5B [ 5 HE HL 0L IR U
JZ 15 mM.

k9 mMH,0,=0.0143
k12mMH,0,=0.0173
k15mMH,0,=0.0234
k18mMH,0,=0.0190

N
@ P o =

0 20 40 60 80 100 120
Time (min)

B2-11 Hy O, W URHR 2 XS AOTIRF AR HE — 280 ) 2 o B ) B i
Fig.2-11. Effect of hydrogen peroxide concentration on Pseudo-first-order rate constants for OA 11

discoloration

2.3.5.2. AOII HJUH¥R BEXT Fe-SC EALTEME IR A

JR K A E BRI G IR BT A 2 S AR 1 o R A BT R B TR K R
HEBE . Rk, ARETR L T A AOI YIHUGIR BT Fe-SC L&k R AOIL
B8 B8 28 () 5 o SIZIR R A 7R =[] e 2.0 g/L, HaOn WA N 15 mM, AOIT
WIS pH Y9I 4.0 X ANFEIRIGEAEE (1) AOIL MR AR HEAT O — 3 )y 245
W, AR 2-12 FioR. [RBOEARFEHBEE AOLL WIAAIR BE Mg N T %, wf I,
AOLL & FE P3G stk JH B gk A2 A7 75 W SRR 4 b VR

XAERA, XFF Fenton-like KM, fF H,O, & —E BT, REAKRS
FEAEF-OH H BB S R WA AR . X 2-2 7751 15 mM H,0, #ig F H #E
AR 125 mg/L 1f] AOIL VR, T MWIaa IR FE ARS8 K, A R =2 «OH i il
VLA TAT W AOIL B EBE AT 7 1) B i &, MM 3R EE AOTL ¥ VR I it (.26
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BEAR. S —J5, iREER AOI 70 K5 HyO, fEMEALT Fe-SC &I A A58 5
R B, 385 BSR4 5 T <O 77 56T B, B 2465 S50 IR Ak 2R 1 I O 2K 3% 80k /N o
BEAh, ARYESCERRIE, i+ AOI N EGLEL, 70 T4 AT BRI PR &
RGBT Z MR By kA S, SEUE T 500 (AR LA AL 2 U6k
D, BRI € S L A

0.125 -

0.100 -

0.075 -

(min™)

0.050 -

K

0.025 -

0.000 -

25 50 75 100 125 150 175 200
Initial AOII concentration (mg/L)
B 2-12 AOI WIUHHK ST Fe-SC Y J5 83 2 5 4511 i
Fig. 2-12. Effect of initial concentration of AOII on the apparent rate constant (Fe-SC: 2.0 g/L;

H,0,: 15 mM; initial pH 4.0; reaction emperature: 30°C).

2.3.5.3. RPLEFEXT Fe-SC MEALIE MBI

N T IR X Fe-SC ] Fenton-like fALIEVERISEM, AW f 5 |
20°C £ 60°C '~ Fe-SC HIMEALTEE: , JFXS S REBEAT #4158 5T X HEAL SR AN 0-60
min AR IAT h—H B 1 F A .

M 2-13 2SRRI LA H AOIT 1) 5 S 388 2 i K B A s ISt B8 1) - o T A
PR, 3R BRI AL v 1 FE R B B S N BT 7% VS AL R AROU B U RT3 0 s R 43
Z IRV A Al AT R

BT H0, 70 F 2AEFREEIR GG M), H—O0—O0—8K4 0.149 nm, #AEA
203.98 kJ/mol. Ml O, 731 O=0 HJHE Ty 0.121nm, #ERES 493.24 kI/mol. 7]
. H0, P S B i 55, Feoe A 2217 IR 2-13 A m] DU HY 24 S i R e
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T 40°C Z ), M EIREZE, WTRERE T H0, MR 2 I S BULE IR E
B U RGE o i, MG IR RO EACTETE . R, XF T 241 Fenton-like
AL BN S5 B3R B AN BT e

3.5
m k,=0.0134 R*=0.9980
3.0 F *
® k,=0.0230 R*=0.9977
251 Ak, =0.0288 R*=0.9989
- 2_
o0k ¥ k,=0.0366 R*=0.9910
o *  k,,=0.0516 R*=0.9862
Q,O 15} 7
c
T 10F
0.5 F
00F
0 10 20 30 40 50 60
Time (min)

B 2-13 AS[AI SRS R AOIL it (2 [ B (#)— 24 8l 11 2 0 A5
Fig. 2-13. Effect of the reaction temperature on the pseudo-first-order rate constants for AOII
degradation (Fe-SC: 2.0 g/L; H,O,: 15 mM; AOII: 100 mg/L; initial pH 4.0; reaction temperature:

30°C).

4% Anhenius 242

Kab.\‘ :Aexp(_%) (ﬁ 2_7)

T s Kobs TG LW IR WE 3 77252880 A RFEETR -, Ba ATE L RE(KI/mol),
R AR LS. 314 J/(mol'K)), T AKRMNIEE(K), ¥ 2-7 BOSEnT LIS 2
Ea
In(K ) = In(A) =~ (30 2-8)

M0 2-8, Kl 2-13 WA E N AOIT PR A S) 1) % U s #UE
K UT AEBFERATZ M RIE, il 2-14 Fis, s HLRIRIZE N-Ea/R, &4
HAFIZRPBLEGEE N 25.8 kI/mol. 5 — Rk 2% [ & AL RE(40-400 kI/mol)AH
b, Fe-SC £ #H Fenton-like LR R IFITE b AEEEIZ K — 28, X4 B th & R
R a1
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25
Ink=-3098.1/T+6.333
a0k @ R’=0.9784
m
35}
4
5 m
40}
451
3.0 3.1 3.2 3.3 3.4

1T (10°K™)
B 2-14 AOII P fife 2 W8 2 8 200 5 e B 2R P B U 1]

Fig. 2-14. Arrhenius plot of AOII degradation

2.3.5.4. ¥146 pH Xt Fe-SC #E4LTE HEHIR M0

XF T8k 22 2 A Fenton-like AL 7], HAEMGIE TR 5 52 2 R BIE TR pH BRI

g 4931, DR P AR 72 %5 %8 T R R pH {E R Fenton-like JMH AOIT [ fii €15
Ol, B 2-15 A 7] 0L AOTT HIPR ARG BEAT pH T i M B PR AR . i) IR
pH N 3.0 I, M 120 min J5, AOII FIMLEFRIEZN 97.5%; M4 pH N
4.0 B, AOII FEMERCE N 94.0%; T4 pH gkE Tt =& 5.0 1 6.0 B, AOII FIfiE
TR FE Ty 31.4%M 14.9%. HIUEAT W EEE A H) pH BT, AO ILE T B
R IBETRAR. R 2 — Al AE 2 T Hy0, 78 pH H 5 & HIFREE R 5 43 it sk
FIEEA, KRR -OH =A%), 5 — 5T pH ERd mi, A2 A ik
PR A B T 5 A OH 138 B AR 100T, ARHIF 7t RIS I T AN R4 pH %
£ F 2 A Fenton-like X 3i4& ZH Fe I HAE L, 45K MK 2-15 B Fiw, £k
W EE RN (120 min), #1468 pH N 3.0 KR SRRl S 2.2 mg/L 1) Fe, BEE Y]
4 pH ME T, Fe % B 208/, pH=4.0 /A &9 R4 0.4 mg/LFe, pH N
5.0 Al 6.0 i, AL N EEAT 120 min B, Fe & & T 1.0 mg/L. A WL pH=3.0
itk b, EIAR SN AOTI i A7 AE A 25 AL TRk o

55



HL RS 2 AR S

(A) 49

c,/C,

04+

0.2

0.0

0 20 40 60 80 100 120
Time (min)

20+

10

Iron leaching (mg/L)

05F

0.0F

60 80 100 120 140 160 180
Time (min)

B 2-15 RFEYIUGpHXT AOTIL 3 FIFeis H 15
Fig. 2-15 Effect of initial solution pH on the degradation of AOII and on the iron leaching (Fe-SC:

2.0 g/L; H,0,: 15 mM; AOIIL: 100 mg/L; reaction temperature: 30°C)

HIE BSR4 I A4, ] ICP-OES X3 b vl fef7AE L fh & R B 7
WREARIEAT TIE . FEXIE pH=4.0 B M AR 2 Hhid kil tH 0.813 mg/L Ca, 0.271
mg/L Mg, AR 0.029 mg/L Cu, 0.027 mg/L Zn, HAMERTHI Cre Mn.
Ni. Pb #KEEIMKT ICP-OES Wkl FRR . Dy 1 #E BIAH NN AOIL it 448 1
TURRTE O, K 2.0 g/LFe-SC AL FIIMAAI 4G pH=4.0 FI7& 18K k% 120 min, JE
FAEALF], FIERECH A 100 mg/L () AOIL ¥, 2 J5 I 15 mM H,0, JF 461
#H Fenton 4L N . T 120 min J5, AOII Bita R JH 7.3%, LA WLIE
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Witk pH=4.0 [f] Fe-SC Z#H Fenton-like ALK ZHr, S5HH SN AT AOIL it 428
sZIa A B o 25675 HE Fe-SC AL IS M AU AL TE ML 207 tH B L, J5 22500
H AOIL (4146 pH H11H%E N 4.0,

2.3.6. AOII FIH 4h3k %

K2-165 75 | Fe-SCZ Al Fenton-like % fiff AOTI{A 28 FHUV-Vis 1 fif ¢ b2 I (8]
AR P . MR DU H, 7K AOTIAE R X 35 P9 3 44N R IR A -
484 nmAb i FIRIIEFI430 nmAb IR, 53 50T LA OTIEU Y 28 45 44 R B S 45
PRI o 2 A6 XA 9230 nmAT310 nmPR i,  TIYE T AOIIS: TS5 4 rh %€
RRIZEER U . FeSCHEALFEMRAO I FEF, 484 nmAN1430 n'k AE WK UL il
I N HEAT GRS, ELAE R WL DX R P 5 TG WA B, 0 B % R g
1 BHAEIR R T, A

ME 2-16 HA] LAWLER 1) B4R I RO AR R R A iR, (B AME X388
AERIBAC . T RE AR RN FE AR BT G A BN B A
FEISE T COD fEBEI Al AR (it . Z5 K W], COD M) PR B B f5
T AOI (Mt %, [BHEAT 120 min J§ COD £FRFE 1A 73.6%IM AOII i A%
N 96.7%. TIAER T2 5E B B XNy T B0 2 Bk g Jo AR 3551000,

100 f —®— Decolourization
—@— COD Removal

0 min

20 min
40 min
60 min
80 min
100min
120min

0 20 40 60 80 100 120
Time (min)

Absorbance

Fran
G

0 :
200 300 400 500 600

Wavelength (nm)
Bl 2-16 Fe-SC £ 4l Fenton-like {1414 & 1 UV-Vis Sl 240 4]
Fig. 2-16. The UV—vis spectral changes of AOII (Fe-SC: 2.0 g/L; H,O,: 15 mM; AOIL: 100 mg/L;

initial pH 4.0 and reaction temperature: 30°C), inset: corresponding decolorization and COD
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removal efficiency.

2.3.7. 5RARGRENDKIENTE P LR

N T EAF LIPS Fe-SC MMM TG, AN T L = AL 8k (0-Fe,05), VU4
=Bk (Fes04) AT E A (y-FeOOH )i =i SCHIR Hh 28 1 i 4Rl (1 Bk Ak, ZEARTR]
Fe FBE/RFEINEAAAF LM T, 5 Fe-SC X} AOI WML &% % #H Fenton-like
fEALRE AT . AR 2-17 s, 20t 1 h BOUREEAT 2 h B fE AL SR,
0-Fe,03 Al Fe;04 7K & 100 mg/L ) AOIL & £ F RA 3.4%A1 4.7%, TE 1R
[¥y-FeOOH & Z )ik 3 23.5%1) £ BR%, T{E Fe-SC f& R 1 AOII F& £ FR%E
AIE 93.5%. A WLFT %k = Fhigk S AL 0T AOIT [T B e A BE 18I 3 I T Fe-SC
AL

Fe-SC RILHELF ARG LU JLAUR R 58, BFFEE Y] Fenton-like
TR 8 LT o 5 LR 0N A2 OO/ S 3 1 K R 1 T R B s
FO N BOFEPEAL 25, XRD 45 K W] Fe-SC T Fe;04 240K LL, T 74k 3 R
BRI RTOK G IR, T3 BkEAR E AR A WU TE N LA 43 25 e A AL 7
BRI T,  ATT 520 FE 2 A Fenton-like HMEE AL V51 o

80 -
Adsorption

Fenton-like Oxidation §

60

40 |

I

a-Fe203 Fe3O4  y-FeOOH Fe-SC

Degradation efficiency (%)

B 2-17 AH R EE /R SRk R RR40E 6T AOTT (175 B S {10 B R0 L A
Fig. 2-17. Comparison of the adsorption and heterogeneous Fenton-like catalytic activity by using
various compounds (the iron concentrations are all 0.258 g/L; H,O,: 15 mM; AOIIL: 100 mg/L;

reaction temperature: 30°C, adsorption for 60 min and Fenton-like oxidation for 120 min).
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2.3.8. TUEBREA R BHAEALAE BT IT

2.3.8.1. RR/AREUNE G FeWC KIRAE

N T I I BRAE 29 % A Fenton-like AL AIER IR, X REALTING LRI, 2
R ECHLA 5 & BB D 1R R M B ——K B, {8k, IR — 1%
AN T AR R, 22745 1 T % A I FeWCHE (L7 LR
WCHIHB A ELAL SR

R 2-7 WC5FeWCHIFR /- P EEAL 24 M

Table 2-7. Physicochemical properties of WC and FeWC.

Sample Fe (wt %) Ash (wt %) d," (pm) Sger (m*/g) pHigp
wC 0.5 4.6 29.6 10.4 3.1
FeWC 16.2 26.3 26.7 12.1 3.1

* d,: volume average particle diameter

(A) 1. micrographitic
. FeWC 1 2. Magnetite - Fe304
2
2 g
= 2
35
s 1
= F
B WwC
c
2
= 1
1 1 1 1 n N N
o 10 2 30 4 S0 e 70 1S5kU  X1@,000 ¥
20 (deg)

2-18 AIRATAEMEATT WC F1 FeWC ] XRD 1% El(A) &% FeWC [ SEM [E(B)

Fig. 2-18. XRD patterns of WC and FeWC (A) and SEM image of FeWC (B).

5% 2-6 1 SC J& FeSC A S LA, 1T LR IUA S 5 S H A A A A0 751 1)

Koy BEUK, RHHEHIRMCH T . FESE FeSC H1 FeWC fi
FIH Fe M-S BT, 435N 12.9%A1 16.2%. 5 SC Z 24/ XRD K%M,

WC ] XRD it Bl (B 2-18 A) AWEF] 20 = 26.4° M1 44.4° (i AFE H)E T
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e 7€ BB (RS AEAT SR 0, X — AR SE T WC & A ARMR A TEH LA 73 - A FeWC
[ XRD & E AT A HY Fe /& LA FesOq KITESAFAE . EAL, ABEFTIEH SEM Xf
FeWC AL R TS HEAT AL, W& 2-18 B R, BT HEME4Efir il i
15 FeWC 22U JZIREGH, R 734175 A ST ERFE RO o

2.3.8.2. FeSC5FeWCEALIE i L A

TEMEAL IS 2.0 g/L, H0, FIEN 15 mM, AOI #IUHIKRE S 100
mg/L, ¥ pH=4.0, JNHREN 30°C LI &4, 43775 %2 FeSC Al FeWC
X§ AOII W Fff i /1 & % H Fenton-like fEALIE 1

cic,

0.0 |-

Adsorption : Fenton-like Oxidation

0 20 40 60 80 100 120 140 160 180

Time (min)
B 2-19 I H0, A FEIHEALTNT AOTL (¥ 2B
Fig. 2-19. Degradation of AOII through adsorption and oxidation by hydrogen peroxide and
different catalysts (Catalysts: 2.0 g/L; H,O,: 15 mM; AOIIL: 100 mg/L; reaction pH: 4.0+0.1;

reaction temperature: 30°C).

2-19 "I A1, TEBALFIBEINEI N 2.0 /L EH T, EMBHET B, FeSC Al
FeWC %t AOII LR HIN 21.9%H 17.8%. X2 FEJHT FeWC B
(1 EL L A . Fenton-like [ N#47 2 h J&, FeWC & & 1) AOIL i (5% H 66.2%,
I T FeSC R R K 94.6%. I —5) 177737 %F FeWC 1 FeSC PMA &
HH R S B R BRI AT (3R 2-8), 13RI H K05 B8 7.31x107 min™ Al
22.45x10° min”, JEHELNFTEH 3 5. FEN T 8RR LA RS Fe & &E
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AFETTFBUEACSOR N Z 5, ADFARELE T FeWC HEALFIH &R 1.556 g/L (5
2.000 g/L FeSC & RATMIF Fe BE/RFMIED I SNV AR F% AOTT Wit Gt i -
R 60 min W PR K2 120 min AL B, AOIL {2 BRF 73 XN 13.6%
A 50.2%, JRAIEART FeSC R RHIAHMNAR . 1T FeSC 5 FeWC HIKIAZE 73 A |
LR TAR . pHigp BEASAHIE, B AEMIEEMNIIILL Fes04 MIERAELE, HILT]
DHE N 8 o L 750 A A ) 2 5 T R SRR T B M R AN ) 2 B LA 4

. 2-8 AT AOTI MR B Sz EAL ROR S AR S B — 2R3l 24 A 46

Table 2-8. Discoloration of AOII with H,0O, in the presence of different catalysts.

Discoloration efficiency of AOII (%)

Pseudo first-order model parameters

Sample By adsorption, By oxidation,
kap (x 10” min™) R’

t =60 min t =180 min
H,0, 0 5.1 0.44 0.9850
SC 26.9 48.8 2.98 0.9973
FeSC 22.8 94.6 22.45 0.9972
FeWC 17.8 66.2 7.31 0.9987
SC-A 5.0 11.2 0.57 0.9975
FeSC-A 19.8 51.3 4.21 0.9875
SiSC-A 2.8 8.6 0.63 0.9964
AISC-A 6.6 14.8 0.81 0.9904
FeSiSC-A, 14.2 59.8 6.00 0.9804
FeSiSC-A; 13.8 68.8 8.44 0.9885
FeSiSC-A; 13.4 80.5 12.41 0.9765
FeAISC-A, 22.1 65.7 6.71 0.9988
FeAISC-A, 39.7 77.7 8.17 0.9870
FeAlSiSC-A 34.8 89.9 15.11 0.9917
FeAlSi 8.5 39.6 3.39 0.9977

2.3.8.3. 15RIRFSIO M ALO; I BMEILIE BT 7T
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N T IR AE DA AR, AR o Sk s Ve R oL o R R R 1 R e bR, 3R
K& BANNA. 3% F15UESS, a8 #g A — B RAER00°C T il % AIK 4K 73
Er BTG VRRR AL SC-AR U B B AL I FeSC-A AL o A AT 43 o R AL,
VEF AT 2R2-97 . R H ] LIS HISC-A MK 43X M 10.0%, 5 SCHI68.5%AH L,
SC-AMIZK 5y B Bk . H.SC-AFIFeSC-AH [f1Si & Al & K K. SC-AR
FeSC-AXT AOTTI W B AME AL LR Wi 2207 HH 2R B CHaR,  SE36 45 SR I AOITIT)
LR RN 1.2%F151.3%, Th—%ah 115 HEAH5.9 x10™* min' #14.2x107
min” (£2-8), KBTI (KFFeSCHIMPE . %X st — B IEs T SCH I
WL 53 7E 2 AHFenton-likeffE A4 [ B B A — 58 M Bh AL VR .

Y
i

R 29 ERT5IERRE A A AL 2 5

Table 2-9. Physicochemical properties of different catalysts.

Fe Al Si Ash SBET Zeta potential
Sample pHip
(Wt%)  (Wt%)  (Wwt%) (Wt %) (m*g)  atpH 4.0 (mV)
SC-A 1.50 0.13 2.50 10.02 13.7 -17.16 3.13
FeSC-A 19.45 0.06 1.21 39.97 21.1 -16.84 3.21
SiSC-A 0.93 0.08 13.68 39.32 12.2 -26.44 2.64
AISC-A 0.82 9.66 1.29 28.65 18.3 -11.81 3.51
FeSiSC-A, 20.38 0.07 6.31 48.89 19.2 -20.15 3.06
FeSiSC-A, 19.53 0.06 11.09 49.92 16.5 -21.46 2.94
FeSiSC-A; 18.43 0.06 16.28 55.42 13.1 -24.53 2.37
FeAISC-A, 17.24 4.04 1.07 44.92 15.8 -8.16 3.56
FeAISC-A, 16.83 7.88 1.04 45.99 21.9 -0.85 3.82
FeAlISiSC-A  15.92 7.45 8.70 55.03 17.3 -10.74 2.98

FeAlSi 29.81 14.40 15.01 90.35 6.1 4.12 5.24

R HTICP-OES 73 &5 R AT HISCH LT ER, R T Fedh, FEILASI
FAL. XRDIHRSE FRPSIFIAIEZLLSIO, FIALOsITERAFETSCH . &idit
B, SCHEALFHSIOr FALOSIIE & KLIR22%H116%, 1 HFH A5 & Sk Lk
A AN TN A3 1173% TR X PRI AT BEAETS Ve bk 2 & LRI 2

62



2 # Fe;0/75 Y8l HE A £ HH Fenton-like {447 I £ e FLAE LTS PR 52

HHFenton-like f2 B 1 A2 & A28 AL IR F

N T IS VeI SiO M ALOS FI B AL VE T, ASHIF F2 LA 25 K 53 135 16
SS-ANJER, il T A F LLBISiOMALO; AL, AT P EE A 25 14 Jii
HT322-9t

AW T St R A B A A I SiSC-A T AISC-A X AOTIFIWR B g 71 At AL
EVEREAT B S el 1 WP AN2 WL NS, SiSC-AMAISC-AfA £ H AOTIH i
TR I3 98.6%M14.8% (E2-20r #i ZL AT 2-22 1 HH LA D . HIE AT ILSiSC-A
FAISC-AAM REA &t i A H O, FE A OIL
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Fig. 2-20. Effect of SiO, content in FeSC on AOII removal (A) and H,O, consumption (B) (the
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iron concentrations are all 0.2588 g/L: (A) SiSC-A: 1.6085 g/L, (B) SC-A: 1.2882 g/L, (C)
FeSC-A: 1.3306 g/L, (D) FeSiSC-A;: 1.2699 g/L, (E) FeSiSC-A,: 1.3251 g/L, (F) FeSiSC-Aj:

1.4042 g/L; H,0,: 15 mM; AOIL: 100 mg/L; reaction pH: 4.0+0.1; reaction temperature: 30°C).

ik 2-20 A fi7R, 7E Fe #INEAH R ATEE T L T AU R & & Sio, i —
FRIIEACTIXT AOIL [ B S fiEAbBE 77, SEGZS SRR Rt AOIL [ 25 B3 K/
JIiFY A FeSiSC-As; > FeSiSC-A, > FeSiSC-A, > FeSC-A, SHALFH Si0, I &
FARA — 3. B1E 2-20 B AL NI R AR LI S ) HL0, WK BE
FeSiSC-A RANMEMF T Si0, & & AN %, PL SIS ik SC #ifk
(I BAEAGAE FH AR KRR B RIE T SiO, S TEHLLL 5y

Si0, M B HEACHLER P LA JL 5 TIEAT BB . — 7 T, Si0, R e A e o

(Si-0-SD) PR THAKMEME M, K515 H0, BRER, WiisFl+

H,0, 7 T1E FeSC AL AR MR H, Ini% Fenton-like S . 53 —7J71H, —% AL
Tk R A AE K B RERE A (Si-OH) ™, 4% pH 1K T SiO, ) pHygp I, Si-OH 4
W R T4 AR, 24 pH R T SiO4 19 pHige I ) & A2 25 5 14k s i 71721,
W SCHR TP ARIE, S0, K pHipp A4 2.0-3.577, ARSzm6 iAW ¥ pH A 4.0, PRI
SR AR Si-O-H 88 (1) H OB R AR, R 2T Ity i HL I 10, M0kL LA B iR
T H W m IR PR R B 7Y, 0 221 Fivms o N T IIE SR — iR 1 & L
AHFFFME T 5 Si0, M — RIVEALFITER I pH=4.0 H1f] Zata FLAL{E, HFE 2-9
HR PR B T RS 0 B S M B STO, & B3 i 3456, (R pHiep tRFH 2 %
fi%. MMEI pH BRI H0, 20 fifr=E-0H, HAE pH N 3.0 47, ~OH RILH i
A TETET . Rk, SC Hr Si0, 414y - ELIE I 1 i Ho0, 75 (A0 77 F 1 (11
B AN LE P AR 2 THD T P R T RS A AN SR AR SR M. HL O, AL i = 2EOHL, M\
M2 Fenton-like 2 B fHI3E47

N TR SC R TE Fenton-like SN HFIVEFT, AW 7 H14 T Wik
[l ALOs & &1 FeAISC-A RINMEALT, I ELBEENTR AOI KWL I Rz AL I BE .
2-22 HAT LLE IR 1 h J5 FeSC-A. FeAISC-A, 1 FeAISC-A, X AOTI FWK Fft
I 18.2%- 21.1%H1 39.7%.. = FHHEALTTIRT AOIL WK B §E 7 #2251 AT AN [F]
(KR HFL Sper A1 pHige 13218 . BT ALO; ¥ pHigp v 8.5-10.4"%1, 1 SC-A
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] pHiep B, HA 3.1, KIELE SC-A Fi 43 ALO; ¥ AL pHigp {E T 5
M RPN EARH A, AT R T AT -SO5 A ) AOIL Z4kL )7

ek i ‘= e Acid microenvironment
O H +
H/ \O/
i Bulk solution (pH = 4)
S N PON K
4 Sl\ A Sl\ A Sl\ SiO2 particle with

negative surface charge
SiO2 particle

A B

B 2-21 H,0, £ SiO, R M@ L A IR (A);  SiO, KM (VIR MEWEABE7R = E(B)
Fig. 2-21. H,0, adsorb over siloxane by hydrogen bonds (A) and acidic microenvironment form

near the surface of SiO; particle (B).

Fenton-like Oxidation
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2-22 513 ALO; 175 el K & fEALTIXT AOI 1 £ R 1E I
Fig. 2-22. Degradation of AOII through adsorption and oxidation in the presence of
Al,O3-containting catalysts (the iron concentrations are all 0.2588 g/L: (A) AISC-A: 1.9540 g/L,
(B) FeAlSi: 0.8682 g/L; (C) FeAlISC-A;: 1.5012 g/L, (D) FeAISC-A,: 1.5377 g/L, (E)

FeAlSiSC-A: 1.6256 g/L; H,O,: 15 mM; AOIL: 100 mg/L; reaction pH: 4.0+0.1; reaction
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temperature: 30 °C).

TEMACBTBL, ALO; WA, tH— & R i AL R R E PR AT 23 . 29
%, FeAlSC-A; il FeAISC-A, (11— X&) 71 K R 25 K5y A 6.71x107 min™
F18.17x107 mine M 2-9 H AT %N FeAISC-A £ FIHE AV 7 f 2 18 oL 7 PEAT pHigp
HE T FeSiSC-A RAIMHEAT], HIL7E ALO; M 47K H R M - % H
FeSiSC-A W&, HME ALO; fF1EE S SiOr AFRFEIHEAHLEE . Timofeeva 4%
NI I AE AR A 75 2 T PR TAR & (CDCly) IESE T E8 Fe ML 138 Al
ZH 4y BE S A AL TR BRE PR TR (3 I RE RS INIE HLO, B4R, T
AL AL S PR B 7T IX — PR B 5 AR WF 98 5236 FeAISC-A R AL
7% v 1) pHigp 1B IX —SE06G 45 A —5 . 5 —J71H, XT Fenton e, HPREE
BN Fe¥ i) Fe™ 510 (3 2-10), 10 ALYE A Lewis B2, HAT BRI B THE
43 Fe’ R A e, AHFIF Fe' i P,

Fe™ + H,0, — Fe** + HOe+OH "~ k=76 M s (X 2-9)
Fe* + H,0, — Fe* + HO, e +H*  ky=0.002M" s (3 2-10)

BT Si0, AL ALOs, BEARH pHie fE, FTEALE FeAISC-A; 113 SiO,
WA TR FeAISISC-A {E pH=4.0 FI/KIE R PRI H Tt l i ik, B0
AOII W Bt BE I3/ o AE 2 K] 2-22 Hr ] INAEMEALBT B, FeAlSiSC-A RN H tL
FeAISC-Ap i (MGG TE, Fobh—Zah 1 SR 40 1.511x107 min™
FH 24T FeAISC-A, M1 FeSiSC-A; ) 1.8 . 124 FESREG F — XIESE SC H1 K SiO,
F1 ALO3 453 BESE I Fenton-like R A5 O A 7 1

N T IR IR BAR R R AL AR, AT B 4 FeAISiSC-A AL IS
HH MR, EAMEH SS-A ML T, Hil# T i5 ik FeAlSi B &AL
A, FHXT AR TRF 7. N T {# FeAlSi 1 FeAlISiSC-A PiAMEIL 14 & (1)
Fe, Al #1 Si & & AHIT, A I8N & 73518 0.8682 g/L F1 1.6256 g/L. K| 2-22
itk B 7 LA Hi FeAlSi X AOIL (17 i AN Ak BE /) B (K T- FeAISiSC-A. fi
T N R AR 3.39x107 min' . %S00 45 SRAE A S YR i P R 4 40
Fenton-like AR TR BIA A ZMIVER o —J5TH, FLBRECR K AIBRZE 73 % &
RINTS G BAT BUR IR PR R 77, BEAS IR IR AOIL 43 WR Bt T~ A )R i,
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1115 A AE G AT 5 P () TR 408 R 30 O Y B e BE R 78, 5 — T,
W T BRI RIAAAE,  RERT 1E DB A Bk i S AR T WL S AL AR S A b ok 2R ]
» AT B s P B A ) 0 HEUE

2.4. /NG

RE AR EA, it — R i & T S E A TS TR ik R

4 % tHFenton-likeff b 7f|Fe-SC.o JB L TG-FTIR 43 Bt 43 A Xof e i) £ 3o it o () Al

PEBEATRESE, JEJIBET. SEM. EDXZ&EAET-BW FeSCHEALFHEATRIE. 1F

% FH Fenton-like ff A4 58040 s B Hpr, 388 3 5 75 Y 1k 52 i A0 7R FeSCOR B 2 G4 K

AOIL P AR K DRV AL NG 1 B S IC e A, AR EIDIRAIRGS 75Tttt A

% fHFenton-like Ak FHIZAAR S 7E M Ak SN P TS I RFIRAE F o WF 0 45 SRR A«

(1) FIIR 2 800°CIN, 5 YR it R LR TR & W RE W #4fid 78 4 HT /3 [FFe-SC A
A 5 U () Fenton-likef# AL G 1 o Fe-SCH RS0 £ 2 LhFe;04 I TE IS &) 43
AT RBRE A . SEG M FBE A, =5 e B RO G
AR Ak RV DT A )4 BT A A AL R B AT T i AR e . Fe-SCTEME
TN E N2.0 g/L, H0.J & AN15 mM, ERYIAEpH 408 %§100 mg/L
I AOILA R AT I I =B . 2t 1 hIR PN FI2 WAL N R, BiAk 20t
AOIH i 7] 1596.7%, CODZEFRFNT3.6%, HANA0.37 mg/LIFea .
[ IS} 9P i T A K6 510,81 mg/L Ca, 0.27 mg/L Mg, AR E10.03 mg/L Cu,
0.03 mg/L Zn, KA F|Cr. Mn. Niy Pb. @i 5N #7220 58 15545 e B
(KA BE925.8 k/mol, R & FR 4 ) I HE 1 SRR A

() HHANZAEYI(0-Fe 03, Fe;04M1y-FeOOH)MILL, Fe-SCEA W I T
Y, [R5 S AR JE R B A AL FIFeWCAHEL , Fe-SCHI R ALH %
L NFeWCHI3f5 . HHTFe-SCK 2 ik 90% A 41, R MEA B =M THL

05 N T W7 IX B8 TENLZH 59 Kt Fenton-like AL 52, F 25K 2 (1757 SS-A
N, i —E %% T Fey Siv AIS BRI — Ry, GR%
WA 2435 YR BRSCH I ML 73 B 22 B i, T bl 4% 1 S Bk S8 A T DR e e A 711
FeSC-A i A 35 1t B AR T-FeSC o 4 7ESC-A 1 [F]IN 471 4 Fe S A [R] L A7 (1)
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SiOFALO; I, Ak 771 A AT A A — 5 3 B A B 2 S10, A AL O 114 25 1Y
TG T o B AT Y5 PR B H Si0, A1 AL Os7F Fenton-like 552 3 HH 2 B AR AL 1 FH
SCH1S10,2H 73 = 2388 38 386 1 Ho O, 7E {4, 751 3 T 14D W B A0 72 A8 14 75 2 T7D T
TR I PR P AN KR AR RN HL O AL 73 fi# 77 A2 «OH., - AT {2 12 Fenton-like 2
RIFIHEAT . SCHHTALOREMSHG INMEAL AR B, I H,O0. 870 ## . J15hAl
[ LewisBRAFIEREMEFS I = BB A FasE, MififeidFe’ mFe* #1t. 1578
WA TP 4L 53— D TG RT3 Y AT HL O 78 HEAL IR T (R B, 53 — D T

RE By LE B g AR b S Bk S AR TE LS R AR SR, DT S v R4
SIEBAR A ) S U

2.5. 2% 3CER

[1] Fenton H J H. Oxidation of tartaric acid in the presence of iron. Chem. Soc.
Trans., 1984, 65: 899-910

[2] M2 L. AEIIAH Fenton oA AL T 1) il 24 S HLAE ME B i A8 AL A0 AL B A 1
. . BBOREE. 3.2009

[3] Eisenhouser H R. Oxidation of phenolic waste water. J. WPCF, 1964

[4] Duesterberg C K, Mylon S E, Waite T D. pH Effects on iron-catalyzed oxidation
using Fenton’s reagent. Environ. Sci. Technol., 2008, 42: 8522-8527

[5] Bautista P, Mohedano A F, Casas J A, Zazo J A, Rodriguez J J. An overview of
the application of Fenton oxidation to industrial wastewaters treatment. J. Chem.
Technol. Biotechnol., 2008, 83: 1323-1338

[6] Feng J, Hu X, Yue P L. Novel bentonite clay-based Fe-nanocomposite as a
heterogeneous catalyst for photo-Fenton discoloration and mineralization of
Orange II. Environ Sci Technol, 2004, 38: 269-275

[7] sk, N, PO6E, s, B4, XA, Fenton & Photo-Fenton
SN FCERE. IRERAL 2, 2006, 25: 121-127

[8] Lu M C, Chen J N, Huang H H. Role of goethite dissolution in the oxidation of
2-chlorophenol with hydrogen peroxide. Chemospere, 2002, 46: 131-136

[9] Barreiro J C, Capelato M D, Oxidative decomposition of atrazine by a

68



3 2 % Fe;0/75 ek 5 4 % 4H Fenton-like {4471 1) £ S FARALTE AT 58

Fenton-like reaction in a H,O,/ferrihydrite system. Water Res., 2007, 41: 55-62

[10] Sun S P, Lemley A T. p-Nitrophenol degradation by a heterogeneous Fenton-like
reaction on nano-magnetite: Process optimization, kinetics, and degradation
pathways. J. Mol. Catal. A: Chem., 2011, 349: 71-79

[11] Pereira M C, Oliveira L C A, Murad E. Iron oxide catalysts: Fenton and
Fenton-like reactions - a review. Clay Miner., 2012, 47: 258-302

[12] Usman M, Faure P, Ruby C, Hanna K. Remediation of PAH-contaminated soils
by magnetite catalyzed Fenton-like oxidation. Appl. Catal. B: Environ., 2012,
117-118: 10-17

[13] Costa R C C, Lelis M F F, Oliveira L C A, Fabris J D, Ardisson J D, Rios R R V
A, Silva C N, Lago R M. Novel active heterogeneous Fenton system based on
Fe;—xM,04 (Fe, Co, Mn, Ni): The role of M*" species on the reactivity towards
H,O; reactions. J. Hazard. Mater., 2006, 129: 171-178

[14] Xu L, wang J. Fenton-like degradation of 2,4-dichlorophenol using Fe;O4
magnetic nanoparticles. Appl. Catal. B: Environ. 2012, 123-124: 117-126

[15] Hu X B, Liu B Z, Deng Y H, Chen H Z, Luo S, Sun C, Yang P, Yang S G
Adsorption and heterogeneous Fenton degradation of 17
alpha-methyltestosterone on nano Fe;O4/MWCNTs in aqueous solution. Appl.
Catal. B: Environ., 2011, 107: 274-283

[16] Matatov-Meytal Y I, Sheintueh M. Catalytic abatement of water pollutants. Ind.
Eng. Chem. Res., 1998, 37: 309-326

[17] XE5L{T. FeVO, #4314 [¥] Fenton-like F15% Fenton-like AL TG TERT 7T, i+
W ke 12,2008

[18] Fernandez J, Bandara J, Kiwi J, Lopez A, Albers P. Efficient photo-assisted
Fenton catalysis mediated by Fe ions on Nafion membranes active in the
abatement of non-biodegradable azo-dye. Chem. Commun., 1998, 14: 1493-1494

[19] Dhananjeyan R, Kiwi J, Albers P, Enea O. Photo-assisted immobilized Fenton
degradation up to pH 8 of azo dye orange I mediated by Fe’"/Nafion/Glass
Fibers. Helvi. Chim. Acta., 2001, 84: 3433-3445

[20] Parra S, Guasaquillo I, Enea O, Mielczarski E, Mielczarki J, Albers P,
Kiwi-Minsker L, Kiwi J. Abatement of an azo dye on structured C-Nafion

/Fe-ion surfaces by photo-Fenton reactions leading to carboxylate inter mediates

69



LIPS L e S AT

with a remarkable biodegradability increase of the treated solution. J. Phys.
Chem. B, 2003, 107: 7026-7035

[21] Feng J Y, Hu X J, Yue P L. Degradation of salicylic acid by photo-assisted Fenton
reaction using Fe ions on strongly acidic ion exchange resin as catalyst. Chem.
Eng. J., 2004, 100: 159-165

[22] Aleksi¢ M, Kusi¢ H, Koprivanac N, Leszczynska D, Bozi¢ A L. Heterogeneous
Fenton type processes for the degradation of organic dye pollutant in water - The
application of zeolite assisted AOPs. Desalination, 2010, 257: 22-29

[23] Botas J A, Melero J A, Martinez F, Pariente M 1. Assessment of Fe;03/SiO;
catalysts for the continuous treatment of phenol aqueous solutions in a fixed bed
reactor. Catal. Today, 2010, 149: 334-340

[24] Zhang Q, Jiang W F, Wang H L, Chen M D. Oxidative degradation of dinitro
butyl phenol (DNBP) utilizing hydrogen peroxide and solar light over a
Al Os-supported Fe(III)-5-sulfosalicylic acid (ssal) catalyst. J. Hazard. Mater.,
2010, 176: 1058-1064

[25] Garrido-Ramirez E G, Theng B K G, Mora M L. Clays and oxide minerals as
catalysts and nanocatalysts in Fenton-like reactions - a review. Appl. Clay Sci.,
2010, 47: 182-192

[26] Zazo J A, Casas J A, Mohedano A F, Rodriguez. Catalytic wet peroxide oxidation
of phenol with a Fe/active carbon catalyst. Appl. Catal. B: Environ., 2006, 65:
261-268

[27] Castro C S, Guerreiro M C, Oliveira L C A, Goncalves M, Anastacio A S,
Nazzarro M. Iron oxide dispersed over activated carbon: Support influence on
the oxidation of the model molecule methylene blue. Appl. Catas. A: Genl., 2009,
367: 53-58

[28] Flores Y, Flores R, Gallegos A A. Heterogeneous catalysis in the Fenton-type
system reactive black 5/H,O,. J. Mol. Catal. A: Chem., 2008, 281: 184-191

[29] Adam F, Kandasamy K, Balakrishnan S. Iron incorporated heterogeneous catalyst
from rice husk ash. J. Colloid Interface Sci., 2006, 304: 137-143

[30] Costa R C C, Moura F C C, Oliveira P E F, Magalhaes F, Ardisson J D, Lago R
M. Controlled reduction of red mud waste to produce active systems for
environmental applications: Heterogeneous Fenton reaction and reduction of Cr
(VD). Chemosphere, 2010, 78: 1116-1120

70



3 2 % Fe;0/75 ek 5 4 % 4H Fenton-like {4471 1) £ S FARALTE AT 58

[31] Marques R N N, Stiiber F, Smith K M, Fabregat A, Bengoa C, Font J, Fortuny A,
Pullket S, Fowler G D, Graham N J D. Sewage sludge based catalysts for
catalytic wet air oxidation of phenol: Preparation, characterisation and catalytic
performance. Appl. Catal. B: Environ., 2011, 101: 306-316

[32] Jones-Lepp T L, Stevens R. Pharmaceuticals and personal care products in
biosolids/sewage sludge: the interface between analytical chemistry and
regulation. Anal. Bioanal. Chem., 2007, 387: 1173-1183

[33] Fumoto E, Mizutani Y, Tago T, Masuda T. Production of ketones from sewage
sludge over zirconia-supporting iron oxide catalysts in a steam atmosphere. Appl.
Catal. B: Environ., 2006, 68: 154-159

[34] Rio S, Coq L Le, Faur C, Cloirec P Le. Production of porous carbonaceous
adsorbent from physical activation of sewage sludge: application to wastewater
treatment. Water Sci. Technol., 2006, 53: 237-244

[35] Malerius O, Werther J. Modelling the adsorption of mercury in the flue gas of
sewage sludge incineration. Chem. Eng. J., 2003, 96: 197-205

[36] Villasetior J, Rodriguez L, Fernandez F J. Composting domestic sewage sludge
with natural zeolites in a rotary drum reactor. Bioresour. Technol., 2011, 102:
1447-1454

[37] Werle S, Wilk R K. A review of methods for the thermal utilization of sewage
sludge: the Polish perspective. Renew. Energ., 2010, 35: 1914-1919

[38] Jin B, Li B. Comprehensive utilization of sewage sludge in municipal wastewater
treatment plant. Environ. Sci. Manage., 2010, 35: 106-109

[39] Bagreev A, Bandosz T J, Locke D C. Pore structure and surface chemistry of
adsorbents obtained by pyrolysis of sewage sludge-derived fertilizer. Carbon,
2001, 39: 1971-1979

[40] Martin M J, Serra E, Ros A, Balaguer M D, Rigola M. Carbonaceous adsorbents
from sewage sludge and their application in a combined activated
sludge-powdered activated carbon (AS-PAC) treatment. Carbon, 2004, 42:
1389-1394

[41] Hsiu-Mei C, Ting-Chien C, San-De P, Hung-Lung C. Adsorption characteristics
of Orange II and Chrysophenine on sludge adsorbent and activated carbon fibers.
J. Hazard. Mater., 2009, 161: 1384-1390

71



HL RS 2 AR S

[42] Ansari A, Bandosz T J. Inorganic-organic phase arrangement as a factor affecting
gas-phase desulfurization on catalytic carbonaceous adsorbents. Environ. Sci.
Technol., 2005, 39: 6217-6224

[43] FEHYA TG AR TN w54, epby T, bt b EY;
I ikt 1995

[44] Oaks J, Gratton P. Kinetic investigations of azo dye oxidation in aqueous media.
J. Chem. Soc. Perkin Trans., 1998, 2: 2563-2568

[45] Han Y F, Lunsford J H. A comparison of ethanol and water as the liquid phase in
the direct formation of H,O, from H, and O, over a palladium catalyst. Catal.
Lett., 2005, 99:13-19

[46] Ferrasse J H, Chavez S, Arlabosse P, Dupuy P. Chemometrics as a tool for the
analysis of evolved gas during the thermal treatment of sewage sludge using
coupled TG-FTIR. Thermochim. Acta, 2003, 404: 97-108

[47] Caballero J A, Front R, Marcilla A, Conesa J A. Characterization of sewage
sludges by primary and secondary pyrolysis. J. Anal. Appl. Pyrol., 1997,
40-41(5): 433-450

[48] Abrego J, Arauzo J, Sanchez J L, Gonzalo A, Cordero T, Rodriguez-Mirasol J.
Structural changes of sewage sludge char during fixed-bed pyrolysis. Ind. Eng.
Chem. Res., 2009, 48: 3211-3221

[49] Swamy M S R, Prasad T P, Sant B R. Thermal analysis of ferrous sulphate
heptahydrate in air. J. Therm. Anal. Calorim., 1979, 16: 471-478

[50] HEME, FEE, Bk, BKE, UER. RS % P HEE i xT +
A9 R 5T o0 & ICP-MSYEA M F 52 M. 20 Mk 22 4, 2009, 3 (28):
319-325

[51] Duarte F, Maldonado-Hodar F J, Pérez-Cadenas A F, Madeira L M. Fenton-like
degradation of azo-dye Orange Il catalyzed by transition metals on carbon
aerogels. Appl Catal B: Environ., 2009, 85:139-147

[52] Chanda S C, Manna A, Vijayan V, Pranaba K, Nayak M, Ashok H N. PIXE &
XRD analysis of nanocrystals of Fe, Ni and Fe,O3;. Materials Letters, 2007, 61:
5059-5062.

[53] Mekki A, Holland D, McConville C F, Salim. An XPS study of iron sodium
silicate glass surfaces. J. Non-Cryst. Solids, 1996, 208: 267-276

[54] Mills P, Sullivan J L. A study of the core level electrons in iron and its three

72



3 2 % Fe;0/75 ek 5 4 % 4H Fenton-like {4471 1) £ S FARALTE AT 58

oxides by means of X-ray photoelectron spectroscopy. J. Phys. D: Appl. Phys.,
1983, 16: 723-732

[55] Yamashita T, Hayes P. Analysis of XPS spectra of Fe*" and Fe’" ions in oxide
materials. Appl. Surf. Sci., 2008, 254: 2441-2449

[56] Wu F, Deng N, Hua H. Degradation mechanism of azo dye C. I. reactive red 2 by
iron powder reduction and photooxidation in aqueous solutions. Chemosphere,
2000, 41(8): 1233-1238

[57] Buxton G V, Greenstock C, Hellman W P, Ross A B. Critical review of rate
constants for reactions of hydrated electrons, hydrogen atoms, and hydroxyl
radicals (-OH/-OH") in aqueous solution. J. Phys. Chem. 1988,17: 513-518.

[58] Walling C. Fenton’s reagent. Acc.Chem.Res., 1975, 8: 125-131

[59] Xue X, Hanna K, Abdelmoula M, Deng N. Adsorption and oxidation of PCP on
the surface of magnetite: Kinetic experiments and spectroscopic investigations.
Appl. Catal. B: Environ., 2009, 89: 432-440

[60] Ustiin G E, Solmaz S K A, Morsiinbiil T, Azak H S. Advanced oxidation and
mineralization of 3-indole butyric acid (IBA) by Fenton and Fenton-like
processes. J. Hazard. Mater., 2010, 180: 508-513

[61] HkH, ki, ZHM, KEE, KRAE. WEHEGRHG K BH M %
fEmtgE. DU R Z 224 TRERF2EAR, 2005, 37 (4): 49-53

[62] FKF]. BEIEESMT AL AT TE. K, 2008, 8: 69-70

[63] Bozzi A, Yuranova T, Lais P, Kiwi J, Degradation of industrial waste waters on
Fe/C-fabrics.Optimization of the solution parameters during reactor operation.
Water Res., 2005, 39: 1441-1450

[64] Panda N, Sahoo H and Mohapatra S, Decolourization of Methyl Orange using
Fenton-like mesoporous Fe,Os;—SiO, composite. J. Hazard. Mater., 2011, 185:
359-365

[65] Guo J, Al-Dahhan M. Catalytic wet oxidation of phenol by hydrogen peroxide
over pillared clay catalyst. Ind. Eng. Chem. Res., 2003, 42: 2450-2460

[66] Tang W, Huang C. Effect of chlorinated phenols on their oxidation kinetics by
Fenton’s reagent. Chemosphere, 1996, 33 (8): 1621-1635

[67] Zhang S J, Yu H Q, Zhao Y. Kinetic modeling of the radiolytic degradation of

Acid Orange 7 in aqueous solutions. Water Res., 2005, 39 (5): 839-846
73



LIPS L e S AT

[68] Chen J, Zhu L. UV-Fenton discolouration and mineralization of Orange II over
hydroxyl-Fe-pillared bentonite. J. Photochem. Photobiol. A: Chem., 2007, 188:
56-64

[69] Zeglinski J, Piotrowski G P, Pigckos R. A study of interaction between hydrogen
peroxide and silica gel by FTIR spectroscopy and quantum chemistry. J. Mol.
Struct., 2006, 794: 83-91

[70] Clark J H. Solid acids for green chemistry. Acc. Chem. Res., 2002, 35: 791-797

[71] Kang M S, Choi Y J, Moon S H. Effects of inorganic substances on water
splitting in ion-exchange membranes: II. Optimal contents of inorganic
substances in preparing bipolar membranes. J. Colloid Interface Sci., 2004, 273:
533-539

[72] Wang Y H, Siu W K. Structure characteristics and mechanical properties of
kaolinite soils. I. Surface charges and structural characterizations. Can. Geotech.
J., 2006, 43: 587-600

[73] Mullet M, Fievet P, Reggiani J C, Pagetti J. Comparison of two electrokinetic
methods-electroosmosis and streaming potential-to determine the zeta-potential

of plane ceramic membranes. J. Membrane Sci., 1997, 123: 255-265

[74] Tian SH, Tu Y T, Chen D S, Chen X, Xiong Y. Degradation of Acid Orange II at
neutral pH using Fe,(MoQOy); as a heterogeneous Fenton-like catalyst. Chem.
Eng.J., 2011, 169: 31-37

[75] Chen A, Ma X, Sun H. Decolorization of KN-R catalyzed by Fe-containing Y
and ZSM-5 zeolites. J. Hazard. Mater., 2008, 156: 568-575

[76] Timofeeva M N, Malyshev M E, Panchenko V N, Shmakov A N, Potapov A G,
Mel’gunov M S. FeAl;;-Keggin type cation as an active site source for
Fe,Al-silica mesoporous. Appl. Catal. B: Environ., 2010, 95: 110-119

[77] Lim H, Lee J, Jin S, Kim J, Yoon J, Hyeon T. Highly active heterogeneous
Fenton catalyst using iron oxide nanoparticles immobilized in alumina coated

mesoporous silica. Chem. Commun., 2006, 4: 463-465

[78] Rodriguez-Reinoso F. The role of carbon materials in heterogeneous catalysis.
Carbon, 1998, 36: 159-175

74



9 3 T Fe;O/i5 e A ML EAIR sV AL 2-FR I KT 7T

% 3 E' Fe;0y4/ ﬁiﬂﬁﬁéﬁ‘rﬁ?ﬂ]ﬁ%ﬂiﬁﬁ%
2-SEERI IR

3.1. 5|8

7 A AL (Wet air oxidation, fAiFR WAO)E—Fh N 25 <8k 2 18U NS
F, fE 200-320°C [ MR K 2-20 MPa FIR/SE SR, S HE SRk EEE L
PRAK B A BAR N o B R S SR R Fpad i, A AR A S B K AR
HH ) R 52 BB o VR 220 T I 1) SRS A R OIS B AR TR, AR
R N AE FEAR IR BE R E 77 T AT, [ SO RE M5 Qe i) L BR AR, 1l
J7 RN AL TR 20 AL 5 (Catalytic wet air oxidation, CWAO) . AR¥E AT FH AL 71
IARFETERS, Ak CWAO A 43 Ay 3y AR 2 A A0 S A S SR 35 AR I 2R A Ak
S . A SRR LG, A A ARSI AR AL R A S AR, 17 EL SR A 7
o T BEMESCRIA . Bk, AEHEREIITS, 28RN R
IR R TERI S I v AR AR S A A A TR . iX e CWAO ZAHTE
7 3 B HE 57 42 8 R AT AN IR B 68 R AL Qin'™145 A LATE HEBk |
V-ALOs Fll CeO, AR, % T — RIIGFEIT 48 Pd. Pt Al Ru RG], IF%
SN 4-FORM AR 2R B AR R, 45 AR BA 3 Pe (3G M B i Ak 77 B
A B AT . iP5 T Ru/ZrO, Fl Ru/CeyZry O, % 2-CP TR 1L
FAALTENE, TERMIREE 120°C. A5 K 0.9 MPa IS T, I 0.5g fiEfL7IRE
fE£ 5 h ZE 418 150 mL WIARIREEA 2 ¢/L (1) 2-CP ¥ S 56 4, ] 24 h J5, %
RBEIL BN EAN A, I BRI LP RS Ru M H . (H2 5488 R 5
AL FINAELE 40-120 J50/ME, Gtk s 5 AN A 7E— e FRJE BRI T B 7E R
PR AKALEE T 2 R A2 R, R R R AR B 48 R AL
FUTI LA 5 4 0 S F AT 5. PUPESF Y Quintanillal™ 4% )i id BLEH M AR (AC) A1 iy
# 0-Fe, 03 1% MEBR AL (Fe/AC)E CWAO HZ:BRIEM IR, & B4
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(1 570 A RS A )R TR PR AL U3 I TS AR L B v O 1 o 28 P Bt
ff) Posadal "1 7 T Cu/CeO, fEALFTITE 160°C, 1.0 MPa R4} 2-CP HIHE A AL 4
TLRES), S5 REWIYILRIE N 500 mg/L () 2-CP 7F 130 min P 7] 4 56 4= BE AR .
(B S 7 45 AR IR RS I 1 w3k 54.5 me/L (AR B 7, M 24 T4 2 r i 1)
IMNE 91 wt.%o XF T i 42 B ARG, Wil A2 7EVE PEAL 0V R I R, 3
FEZRIIMENFIRBAE LR T L2 F )RR 2 —. HAXT Cu &
B3k Y 4 R A A TR E W M A LA S B R v LB D e 2 i, R
SN CuPT A AT NS AL, T, WA IE, IR .
FHPE 1) Santos'™ 45 NI J& 3 A B A 1) H 1807 47 B2 8 bt -5 400 2 o e R
VE, R TREARIRI, FHIE Cu YA H, H R -5 S0 A 7R A TS TP
F 7 H 4 B P HE A KM P i R s Y, AR R, BRI A T
MEZL LA B KBRS BRIN 15, 1B b i, B S 1 s br
82 FH T 35

AWK MY (Chlorophenols, faiFx CPs) J& T i B ) sk B AT HLT5 YL o
CPs fEAR 2 il Zb bl vz FIVEIE AR, RIS o g . KM B 4s
FEEEFIB AR . E4RiE, CPs BAARENE. MBI EY) RN, A9
RM=FC1EH . JAh CPs i )8 T IR EE N 70l 484, BEN AR PR TN L4 H
WRERZ EH I TRE, 1M B2 em G AR /" TRk, 53 4% Il g o
SIS PR S A0 EE, SEEPMREIG KA 129 P sids s e 4 o
i, FREBLE Y 68 FHEREER Seds il is et 4 b B T &M KT, W 2-5
3 (2-Chlorophenol, 4i%5 2-CP). 2,4- &1 (2,4-Dichlorophenol, 4i%5 2,4-DCP)A!
&) (Pentachlorophenol, 455 PCP)Z!", %F 2-CP, {7 PAHLIME LI
R K AR B B3 KR P AN T 10 pg/L!"™ s 78 2-CP 4r 7, i FAUJE T p $E -
(R RIZEIR Y o 2R AR LR R, SELRA BRI Rt
ST, T EUR T IAFLE S A A A ) ok IR LA Il 1) s PRS2 B, AT 38
B0t FL AR BE I o DR U3 R 1) 7K AR B 77 2 R AR A b 3 T 2 0 DA A3 2 Bk
2-CP. HETbHE 2-CP L2, 5 T A BRAGH BE S8 R K I A AL VR A 5
R RIS YA L, S R AT 2 M TS B T A
FEI) 2-CP b A FEH AR ELHE L AR el BEE. I KA
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IS ANE SRR SR EATEAR LG, 1 s R B AL
Hi AR E R 2-CP JRK, HIRBHE R TOC KR, MRk T2 fekER s,
eI SR AR 75 2 iR (450-500°C) 15 .(240-300 AN KA BIISAT 264, 3
AFF RSB AT R IR A AR AE AR B IR 2-CP R /K AU 2
B2 (0

T ¥5 e L% (Sewage sludge derived carbon, fIFR SC)H&H — & & MRE
", FLURA R SO AL A S R LA B AT T, DL B e,
AT SR LG PR BB A i U A AU S B A AL R o RIS, A 9208 LA TT S
VBRI R W 2k JEURE, 18 3o va il A AR ) 6 13 S Bk S A I V5 Ve B B L
WFH(Fe;04/SC), FF LA Fes04/SC 5 SC X ik BE 2-CP A (M A1 U A 1L %
ffRE ST BEAl, BT H TR T O Tk R AR R U A A I AR R R
I AT NIARIEIR D, AR BT T 50 & A RITE AL 2E 2-CP
Rk AR A tH LB AN R R 2, R I 2 Pl ) e A T e 2L 000 2 P i T
171

3.2. LGS

3.2.1. EE 2 55

TKEBBRER, A, 755 Ru(NO)(NOs); 7 Hr 4t
Alfa Aesar AV A R s 3BT 20T SR SOBUH (0 92 I BEIE B Aldrich 77 2 7] o

ARSI BT RS e N ) M T A A K AR BT i i i K s Y, BG)e H N
2011 6 H o

3.2.2. HEALFIRIH] &

Fe;04/SC AL ] 4% A e R F — 2292, BARERAER 2 2 % 2.2.3 77,

N BRZE SC I Y, AT A 5 g igledEiinA 80 mL i Hh AT S
2 (25 vol.% HCl + 25 vol.% HF) WR& MR+, T 70°C Fab¥E 2 he ZJ5H
ARG, BEBIEW pH (EEE AL, HEAFIEIE, TS HEmaE
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FIEALF i 44 4 SC-A
3.2.3. EALFIFIRIE

AT 00T R X SFERATH . BET ELR AR . 431 BB 47 [H 46 2
224 FWHAMA .

AL T pHpzc FIMIGE . HEALFIRTAESE — pH &AF R IR AL, Zmifx
NEHAL T (Point of zero charge), fRIFREHL A, AN pH E AR pHpzco ANSE
560 SR FF o A R o A VX A TR ) pHpzc EAT M5 ™20 o BRI IR AL AR (44
0.02 g) A 50 mL 0.0005 mol/L NaCl ¥ 1, T =i TR, FER& 30 min &
— K pH, FFEW pH Fa0E Ja 4k S N g B AGTT, DE AR pH. R DR
BB Gk SE M NMEAL A S BOR R pH [H R AR, SRR pH E BRI A Ak 71
i) pHpzco

3.2.4. 1EALF] CWAO fEALIE M B TRHY

wEzAE CAir)—bK % TMLT —K—>— 40
s GD—s%—— | 1] || —@- -

e -

PAESE S

B 3-1 seds IR A AL AU S 2k

Fig. 3-1. Schematic of the experimental setup.
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WA RVTE 0.3 L R BT, Wl 3-1, KM% H Hastelloy
C22 M IAEE AN (Model 4836, Parr Instrument Inc A ), BH ANHNIE S
V. R RO R0, IR RS AR TR, fRInRE
THIR, RN £2°C, BELBWAUINIERG, R PIFLT

B0 S REZE HOIIN 150 mL WIARHE N 2 /L 1) 2-CP i PA K — € Jit
BRG] 35 R3eas, ROVIFIARETJE 7 = BN G AR BR SSN 25 R %
WA, ZEsRNERERTRE, fFERERES (440 min) [WRNE
HH3E N B 46 255020 vol.% O + 80 vol.% Na), 4k )R A 5.0 MPa (S
SN 0.9 MPa) TR Bt P25 B, IR S B I Z1 . R T 3k e A A%
JRFRE, SN2 A B B B N 1300 rpm!™ . s kAT 25 R i I ) ) 452 1
BEFE, HURE, F 0.45um FLARMIIEE S BIMEAG TR BUOREHAIE], R R s A LA
YERE N RGN 1 R I TE E

3.2.5. M

3.2.5.1. 2-CP [ F&fi A [8) 7= Moo B Bl 58

2-CP K [& b el =4 F Shimadzu LC-20AD Y& RAH (i A 2, 1%
75t £ Kinetex PFP 100A C18 4 (2.6 pm 100 x 4.6 mm, Phenomenex ‘A &) ),
FEIR 40°C. A #0555 2-CP MIRE g (8] 724, Fah Al be ] 20 s 2 i€ O 4
vol.% FEEFN 96 vol. %7K TR &5, FEH 85 wt.% M H3PO, 2 pH M 2.0, Vi
Y 0.6 mL/min. il BCE Y 210 AT 281 nm.
3.2.5.2. TOC HiillE

B R AR (TOC) KA 5050 TOC 7 #r{% (Shimadzu, Japan)
BEATMSE . TOC ERrFiE 3-1 kAT 15

R:MO_Mt

x100% & 3-1

0
2 Mo N TOC WA, M NI b — e i a] Ja # ) TOC fH
3.2.5.3. pH F1 H i HE 34 A0
R pH K PHM240 pH it (Radiometer Analytical, American) 247l 5E .
3.2.54. WHERKIE
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SN R 4 )@ SR ] Optima 5300DV 2R B 8RR & 25 85 1 JE 7 R 5
4% ICP-OES (U.S.A. PerkinElmer A &) 34T 2 MEAIE 84017 .

33. R 5t

3.3.1. AEEAFIELERE L 2-CP

ARSEEG T RN SCy FesO4/SC Al SC-A HIPHEAL MR 5 T3 3-1 .
5 SC L, E T HEAYIN Fes0y/SC B A BKHY pHpzes 3% 5 Quintanilla'™
S5 NHIBIFE 45 FAH — B0, TR BT BRI 1 5730 e 1 n e 1 77 3 T PR R P
REH, T X S F e 4 A 7R I A S S L R S B4 A PR R A
Mo B HEGR 3-1 B SC-A 5 SC WK 7y s oL & &, AR AL L Ae
BOK Bk Si Z AN TEHLLE 4 TS Y8 6% 25 Bk o

% 3-1SC. Fe;04/SC F1 SC-A HEALFF R Fe A FRAL, 1 J5

Table 3-1. Physicochemical properties of the SC, Fe;0,/SC and SC-A samples.

Ash Fe Si Al Ca SBET
Sample pHpzc
(Wt.%) (Wt.%)  (Wt.%)  (Wt.%)  (Wt.%) (m* g™
SC 74.6 45 234 10.6 1.7 20 7.5
Fe;04/SC 93.0 12.0 19.9 9.1 1.8 15 42
SC-A 56.1 0.4 28.6 1.8 <0.1 33 3.7

BB %% T SC. Fes04/SC il SC-A =R (LTI ZEAR R ) [ B 26 #F R % 2-CP
RIZBRACR . BB 3-2 /I, & AEFAEGR, 75 R BLR N 120°C, A0 &
N 0.9 MPa [ N AR, 0 RN AT 6% 2545 1) 2-CP H T #v o) il R4 R A FH
. Y MHET 24 h 5, 2-CP fil TOC LR T 15%. Hbal i 2-CP
I FAEARSEI A T ihase, B s IE XS 2-CP 1 LB R ARAK
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Fe;0,/75 e Bk 5 & HEALFIE AR AL 2- SR B 7T

(A)
100

80
80
40

20

2-CP conversion (%)

—
o
—
-
o
o

[o:]
o

[*}]
o

40

TOC removal (%)

20

pH
-y

B 3-2 A Fe;04/SC, SC, SC-A, Ru/ZrO, N sUAFIHEALT S BRI AF T

—a—SC
—x—SC-A

—A— Fes04/SC
—»—Ru/ZrO:
—m— No catalyst
2

0 5 10 15 20 25

Reaction time (h)

—a—SC
—+—SC-A
—A—Fe304/SC
—»— Ru/ZrO2
—m— No catalyst

0 5 10 15 20 25
Reaction time (h)

—a—S8C
—+—SC-A

—A— Fe304/SC
—>»—Ru/ZrO:
—m— No catalyst

——

i

1

i

0 5 10 15 20 25
Reaction time (h)

HH(A), TOC ZEr=HB)FE R pH(C)HE S M 8] 324

Fig. 3-2. Evolution of the 2-chlorophenol conversion (A), the TOC removal (B) and the pH (C)
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upon wet air oxidation (WAQO) of 2-CP over Fe;04/SC, SC, SC-A and Ru/ZrO, or in the absence

of catalyst (0.5 g catalyst, 120°C, Poy: 0.9 MPa, 1300 rpm, 150 mL [2-CP], =2g-L™).

2 1a] SRR I SC AR, K8 24 h J5 2-CP B ALZEFN TOC 12 Fx
ORI E A 50%AM 39%. R W] SC A AA —ERMEIENE. L& HC
A1 HF B 53 AL BRTY) SC-A AE ML RS, 2-CP (HIAER B 25 B3 B 3% 2
9%, X FEJAN T LR A K . BRACHES, SC MR TR th 20 m’/g
1K 33 m*/g (SC-A). {HJZ SC-A FEARKRILILL SC Hm b im e, Al i,
W16 [ NE R H 0.4 mmoby-cp/(Zeatatyst'h) FEAKE 0.1 mmols.cp/(Geatatyst'h)o X
SC HH (R TEALZE 73 5% PR A4 750 A v LA A 5 P TR K R ST kA P

MAE SC h EBREAYI G, AR EAGTE PRI B R . 7R RNV T A F
5 hi, 2-CP HIZEBRFCOEIL 100%. YIUHREZFE N 3.0 mmoly cp/(Zeatatysth) s
7& SC AR R 7 5447, T Fes04/SC H Fe [ &N SC H Fe 1 3 fi5. It
b, S % UARIE I H AN S ¥ Ru/ZrO, 5 & R AL FIA LL, 78 FIRE 0 B 4%
R, Fes04/SC RILH T s A A 3-2 B ] LLE H, JIA Fe;04/SC
AT )G, TOC BLBRF BB ZEIEE, KM 24 h 5 TOC HERFEE 91%. 5
2-CP (AL AALL, RREGEFEF TOC I BRAEXNH I, FTREZ T 2-CP #i%%
TR TR AL R (] =40

40

@
[
o
E
=] 3
0fF T e 2
3 3 £
= Z
£ g =
= 2 2
2 2t - £ 8
= 558 3 § 2
£ &y £ £ &
1= 2% 8 [ ] o
5% 8 - 2
10 s s e
I - L
__i i i 1
0 5 10 15 20 40 60

Time (min)

Bl 3-32-CP K F&f#rhial =¥ HPLC K
Fig. 3-3. Typical intermediates detected by HPLC (Column: 100 x 4.6 mm, Phenomenex, Kinetex
2.6 um PFP 100A, Mobile phase: 4 vol. % MeOH & H,O (pH = 2.0 justed by H;POy,,), Flow rate:

0.6 mLmin”', Column temperature: 40°C) upon catalytic wet air oxidation of 2-chlorophenol.
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HIPE 3-2 C AT, ROSE I pH AE BHAIEARI 5.5 BEAG SBT3 T 32 T PR o
J LIV R P RS 0 2 B R T (3) 2-CP i S0 AR H = AR 1) HCL (i) A f2
A RK BN T B, B HPLC 20 i 45 3 (& 3-3) Al %8 R B i 72 R HCI
Ak, A 5ok (maleic acid) BEHE (succinic acid). F #R (formic acid)FlEE 2 (oxalic
acid) S5 /N> TR B LA I E) 22 40 55 & it v 1] 7= 4, i 4- R0 28 %y
(4-Chloroesoreinol)+ 2-5 %f & [} (2-Chlorohydroquinone). 4F < — [y (Catechol)
AIXt 2K — Wy (Hydroquinone).

3.3.2. RPLRBEEXT Fes04/SC HEALIE PR IR

RNEE R CWAO AR AR BRI R R 2 —, AL A b
HORBERE R e PEPE A o ARSEE 42 [ 1E 105°C, 120°C. 135°C H1 150°C LA
Fe;04/SC i AU HEAL TN 2-CP IR P fig 15 100 o

Hi ] 3-4 A PR g BT ., [ B FE I = A AT 2-CP AL AT o IRE N
105°C i, 8% 12 h 7247 2-CP I 584250, 1BE&E IR, 2-CP 58k
FEALROR )RR 44, 76 OSIEFE N 120°C B F 5 h, 135°C BF45 3 h, 150°C
AL T 1.5 he MBS R BB 772 D7 n] i R kR P

- _fl_c — K,eBRTC C, (i 3-2)

A r ARPIEZE(mol/(h: geawr))s t AN [E](s), Ko ATEHTEF, Ea RNiEik
fE(kJ/mol), R AR %(8.314 J/(mol-K)), T NRMNIEEK), Cc NAWIWKE
(mol/L), Co NEAFIHIWKE (mol/L), m. n NRMHEH . %L KA AF
G ML BUE AR R A F I SHUE 24 oAb SN S A AR RN, FEA 7] 69 Js B2
FETN, 32 BUNEUS, BARNREE T 2-CP AL A0 £ (In )5 HRLEE 115
BUTHATERNERDE, ZE LRI -Ea/R P,

T ROSAIAE BRI 2D A S SR E TR e RES R A 7 F 1
3-4 A Tl ZRBESG A BRI R NOE R, RN 3-2 FrR. AR EE
N 2-CP B i 2 (R0 80 5 TR BE (R BB AT e e [ (B 3-5), 545 3 S RE
TWALAEN 50.5 kI/mol.  Joglekar ™ S AF 78 T AE LML FIAEAE IS4 R, 1205
BEfA 2-CP [P IR PG AL EEZ) N 140 kI/mol. AT L Fe;04/SC LTI, B
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AR NAERE, I 2-CP &AL SR EAT .

(A)
100 Ak
80
=3
'5 60
E
g
£ 40
S —1—150°C
n‘ s}
Qo —3—135°C
o —A—120°C
0 | —»—105°C
0 5 10 15 20 25
Reaction time (h)
100
(B) !
8o |
< 601
© |
3 :
£ 40} !
2 |
Q i —m—150°C
© 20t 5
= ——135°C
—A—120°C
0 |- o ——105°C
0 5 10 15 20 25
Reaction time (h)
—a—150 °C
—0—135°C
—A—120°C
——105°C

15 20 25
Reaction time (h)

B 3-4 SONRFEXT 2-CP #ALE(A), TOC 2= 4% (B)FIVER pH(C)FIF4
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93 B Fey,Ou/i5 TRk 2 S A RIHEALIR XA A 2- SR M HIBT 7T

Fig. 3-4. Evolution of the 2-CP conversion (A), TOC removal (B) and the pH (C) in the wet air
oxidation (WAO) of 2-CP under different reaction temperature (0.5g Fe;O4/SC catalyst, 5 MPa,

1300 rmp, 150 mL [2-CP], =2g/L).

&K 32 RBFALRERI T

Table 3-2 Calculation of activation energy

Temperature (K) Reaction rate mol/(h* gc,ta) Ea (kJ/mol)
T=423.15 4.675
T=408.15 1.868
50.5
T=393.15 1.336
T=378.15 0.776
16+ a
_ 08}
c ]
0.0}
]
0.0023 I 0.0024 I 0.0025 I 0.0026 I 0.0027
1T

B 3-5 2-CP E b R 55 2 P A )

Fig. 3-5. Arrhenius plot of 2-CP oxidation at 105, 120, 135 and 150°C

MK 3-4 B AL, RN ET S TOC LR En. XemT, —F
1, S R TR I O FEVE T BOVARREE, Sl 120°C JH&
150°C BF, O FIEMFFEH 0.17 ¢/L 34 0%) 0.28 g/L. 55—J71, 7£ 2-CP =k
R 2 A R R LA B AN T LR, Gallezot™ 145 R LRI
Ru/C MR IR AR CR, 7RIS IX 101 kI/mol VS ILAEA
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REALE SRR AR Ak o 50 7o 1A I I UL T 76 2 o e 2 1) T 4 42 1L J W8 1Y)
5, X e A LA 07 149 LASRAS R B8 RIS AL R, AT 28K i COL 1 HLO .
XU TH R TOC B3 n iy — > 2R K1

AL, SOSEIR T R ok S BRI RR . (B 3-4 ©O, i NS FE R
I HCL AN HLRRTE il T T 2% 2 B # S kP01 [t e Iz TS PO T vt 2
SEERER RN 07, N T A E A R R R, RSN AT AR
IR, RAG RSO IS IR E M VS N . LRAEEIELL ERER, RS
120°C kAT

3.3.3. HHH R BRI

R NS AR R SR RN EE, Fe;04/SC I @RSy, Wl Fe. Cas
AL, RATREAFAEIE ) . ook Fe A N 7EIR 30 Ak SR BT 5 RO A
WP, REATTA ICP-OES K0l 7B 3-2 i JLALSEIRAE N 24 h 5V
Fe IS . S5 INE 3-3 iR, 1 Fe;04/SC ALK Z AR E] 27 mg/L I8k
Hy 29 S AR BB R 7 wt.%. AT CARIE R &R AR, W Cuy Zn,
Mn. Ni %%, A TR A R R R FE P ) AN R B i i P8
PEF 1) Santos*125 DA VAR 4246 Cu-0203T JofiE Ak, 78 [ 52 IR [ 37 2% (FBRs),
16 bar A0 K, B EE Y 140°C 56 AF R ALFRIGRIR N 1 g/L BIZRVE R -
ISR pH A 3.5 BF, OBEEE K A BRI 2 =78 100 mg/L (4 . HH itk ]
ST I U G R A ARITE BRI S N BR R, i AR E VR TR IR AR I R

R 3-3 MHA R BEAT IR A S AR 2-CP S 24 h J5 & Z o Fe 6 B
Table 3-3. Iron leaching upon catalytic wet air oxidation (CWAO) of 2-chlorophenol over

different catalysts (120°C, Poy: 0.9 MPa, 1300 rpm, 150 mL [2-CP], =2g'L'], 0.5g catalyst).

Iron concentration in the reaction Percentage of iron leached in the
Sample
mixture after 24 h (mg'L™) solution after 24 h (wt.%)
Fe;04/SC 27.0 7
SC 0.8 0.5
SC-A 3.8 29
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T RNFE IR, EWRE 2-CP B R — 02 AL
MNOTERAT . NUERHIX — &, 4 0.5g ALFIIA 150 mL 2 g/L 2-CP &+, T
0.9 MPa /<70 &, 120°C BRMIRIZ T, 384T 10min J5 15 1L RN, FTF RN,
JEZ% Fes04/SC AT, 2 J5 K B E BT 20 N I I 38 P e A [ (R R 1R 2% 1R 1 k82
SRL. Z5RANE 3-6 s, BREBRMEATIE, 2-CP 475 DA m I R 40 o
1M H M R 2-CP EBrpia i F A A J8id ICP-OCS 73041, Filll £ Fe;04/SC
R R B 10min f57 25 mg/L (1) Fe ¥ o BT WA S N6 FesO4/SC LA
AT 2-CP L Brite s EEAE

100 |

80

60 -

40 -

2-CP conversion (%)

—a— Hot filtrate (25 mg/l Fe)
0 'P —a— Heterogeneous (0.5g Fe30s/SC)

0 2 4 6
Reaction time (h)

Bl 3-6 Fe;04/SC AL 1A R AMPERIA A HEAL 1A Z 2-CP B FEARG 0L
Fig. 3-6. 2-CP conversion attained by heterogeneous: 0.5g Fe;0,/SC and homogeneous reaction:
hot filtrate from 0.5 g Fe;04/SC system after 10 min reaction (120°C, Pg,: 0.9 MPa, 1300 rpm,

150 mL [2-CP], =2g'L™).

N T HE— B e YA RN R TRV E R R IR R R, AR AR T
AL E N 1,04 1.5 A1 2.0 /L i, 2-CP 25 B3 B S o A 18] 48 £k 155 1t (.
3-7 A)e TERMEMZ], FEEMAFIHERIEM, 2-CP 4> 11£ Fe;04/SC E 1)
Wz B =t 48 11 - Fe;04/SC AL FIFINE N 1.0+ 1.5 F1 2.0 g/L B 43 700 4.5+
6.5 F 8.1%. HILFTHEH Fe;04/SC HEALFIRTX 2-CP MK =LA 60

mg2—CP/ Zeatal

87



HL RS 2 AR S

A NVFEATE] 100 30 M 60 S BRES, Rt = AN OB R BEATEURE, ]
ICP-OES 73 Hrill & JE¥  Fe Mk Z . B 3-7 B ATLURIL, = AMARF Fe IV
H & 2-CP 7EAH SIS Z B I AR 3 2 (LA molo.cp/h o) A B IR MR AAH G
THZ AR RILERREW: KT Fe;04/SC ALK R, 2-CP LB 5L
IR EHEA B R, 1M Fe FEHEA & EELWHEER.

(A) 8 : (B)
60 b ——2.0 gL / ; 4 =—a=20gL
—A—15gL | —a—1.5g/L
| —o—10g/L —a—1.0glL A
3
40 | ,

2-CP conversion (%)

Reaction rate (mM,, .. / h)

Reaction time (min) Fe leached (ma/l)
(0115 B
1ok lon product: (Fe®'] [OH]" = 1.3852 « 107
i BT R’ = 0.9900
0.5k
S 00
uf
0.5
A0k i
‘15 = [l i i 1 1 L i i 1 i 1 " 1 i 1
0 2 4 6 8 10 12 1 o 3 & 9 12
pH Fe leached (mg L")

B 3-7(A). AFEMEATIFEEXT 2-CP 1I5NT; (B). SN ATIIEERE &5 2-CP BN
KA (C). Fe HIHAL-pH B M [ MR K pH-HIAR A : (D). BkERIA & 578 pH KA.
Fig. 3-7. Contribution of the homogeneous phase reaction. (A): 2-CP conversion during the first
2h of reaction in the presence of different concentration in Fe;04/SC; (B): Correlation between the
2-CP conversion rate and the amount of iron leached in the reaction mixture; (C): Pourbaix
diagram for iron and evolution of the potential and pH of the reaction mixture as a function of
time; (D): Correlation between the solution pH and the amount of iron leached in the reaction
mixture [120°C, Poy: 0.9 MPa, 1300 rpm, 150 mL [2-CP], =2g-L", catalyst dosage: 1.0 g L™ (),

1.5gL" (®)and2.0g L' (A)].
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T FIWE I Fe fEVER IAEAER R, AU T T RS R F b e
fir, HAEBRAHAL-pH BRI bR . B 3-7 C FiaRgE R, AT LUK IR R
() Fe T2 LA Fe(INATEAFAE. 154K 150 mL K 2 g/L 1 2-CP V&R (HH
F 2.3 mmol 2-CP), RN (3-3), FiFg Oy IEREHZI N 15 mmol. 1%
FOEFR A5 A 0.9 MPa, Bl R 5 I A77E 48.2 mmol 1] Oy0 EEWRE R
IR O, ME R KB Z W IFME. HRAR BN RER B FMTT,
O, FE/KH VR IRIE A TR, N 0.2 gop /L. T 2-CP 4 500 i I TR S AL VA R T
WA Oy, AR T HIUBREIA S, 3808 ISR 0L SR BT 2L B 1

C¢H5CIO + 6.5 0, = 6 CO, + 2 H,O +HCI & 3-3)

P MHRAFAERIX > Fe(TD) REAR L i R R JE 1 Eh 25 S I8 1) TS BRI A 38
e 3L 4 H H 3 (alkyl peroxy radicals)- %8 H H 3 (oxygen radicals) ¥ H &
(Hydroxyl radicals)&"*?, Wi i@ AL M. A 3-7 C i, 3 mT LR IR
BEE S NEIREAT I HE IR BRIZH 7] Fe(LID# 4k o

BRAh, AR ER A R ST pH EE (B 3-7 D), AT R IR B 7 =
B R pH R BRARTAT G o E b T DAL 52 ek 3R VA HH 1 3 T2 DR 3R R VR pH
fH.

TE W Fe* + 20H « Fe(OH), K 3-4)

RV FERUE B (Ksp)¥15E X [Fe’']-[OHT = Ksp

AT 3-7 SEERFTIRAR I Fe™ Je OHVRFERE, THHEE HiZ RN R T i)
Ksp ffi. WK 3-7 D F1fiR, Ksp A 1.39x107°, 1fi 25°C K Fe(OH), )i A
O Ksp A 3x 107 FLZAE S A SRR B RO FR R RE O, RT DA 7
) pH FA85 T, FesOu/SC 1 R i Hi 1) Fe " FI9 B Bz i AR 3R . T ML
Wk ik SR ERAE SC A g — i AR kD FLIA Y L b4k, B R K HEFSObRHE ZER Fe?
WEART 2.0 mg/L, K 3-7 D Sl A 2 v] vF 5 H 8 2 A5 14 1) pH K T
3.29, EPYE Fe;04/SC AR 2-CP B MNAR R, M pH & T 3.29 B,
Fe304/SC IR BRI H PTHHIFEAR T 2 mg/L HIHEBFRHER o

BT 2, RNAR R 2-CP IR . B pH Ak ERIA =3 2 2 HL M
REE, FHEFZWN . BRERE H AE IR A R i 2-CP ISR B, AT =
A KE HCL FHUAWR pH IGHE R, tbah, SRR A i HElg, nE i 4%
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AR SRR R IR SR, AT IRk ER 7 P L, AR SeBh ek kA R
ok BT BRVEVE LRI SR L T THT

3.3.4. EHIBEBHBFR

FIRSEIGZE R, Fes04/SC MEAGHIBRAN HiEth s, (HR AR T4 5
Fe 765 H (R, 30Ks PR 1l FL RS T AR, DRI 75 B SR B 2 P it LAk
D ILARATRE PR 2E 23 R K o 25 RS 380 J it o 7 A (R TR MR A 85 02 5 30 Fes 0/SC
AR Fe v tH I 225N, AR o231 2Py vk DASE ) B S i 2 H VR 11
pH 1E.

FERIE B ANE AR, NaOH 25 5Bl 15 71 8 i SR 2 & Ab BE 5 41
A HLIT G A FE A R ER TR = PO o R, AT SR 2-CP IR TR
HIN NaOH, BiEAI4G pH H 5.6 A% 10.0. 25 2.0 g/LFe;04/SC 1L
7, 4£120°C, 0.9 MPa %873 & N4 %2 2-CP HIH AL A TOC W LRGN

Wk 3-8 A Fiiw, SASECEYIG pH MR A SOSAR L, S WT4G pH 1 205
PE(pH=10.0)/5, 2-CP 1 TOC K EFRZFHHRIEIM T &N 24 h J5, 2-CP #ik
R WAO SN H ) 14%8 % 68%, TOC LBRZH 7% INE 40%. %52kt
R 5 Pintar 2 NP7 45 FIEA—F. Pintar 25K IUE 1R AL BN SR By
ARSI F IR IR SN, 49 pH. i T BRI 1) pKa B, B B T (ArO)# 2>
AR R A B AT PE R ORI B AR (ATOY), IR 8. FEAR SIS
W, H T 2-CP ) pKa A 8.6, KT MNHI4E pH(10.0), Ptk Nt 277 A4
s P 2R AL E I (ArOY), MTTIIE 2-CP &4k . M 3-8 A IS5 R, &
AfLUR I, O Fes04/SC fiEA4LFIJE, 2-CP Al TOC (2% FRZFI1EA I B3
AR N — 7, 1E pH=10.0 B F, Fe;04/SC R4 F1HL, 1M 2-CP
TR, LA G Cl-CoHy-O B TR AEAE TR, BT ke
JREIER, 2-CP 43 TR TP T Fes04/SC 32 BH, 3k 1M PR i) L7 4 £ 7712 T 11
AR ST, IR 24 h JE, RPN 0.7 mg/L i) Feo AT ULAEH
NaOH U pH AH, HefT S/ b SR F2 2k Sh v, (HBsME pH 1%
H Fe304/SC HIME AL 1 1 B 2 P AIG
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93 B Fey,Ou/i5 TRk 2 S A RIHEALIR XA A 2- SR M HIBT 7T

(A) 80
60
S =
< S
o 4 =
g ©
>
< 3
Q
o 20 8
Q [
o™
—o— Fea04/SC
0 —d»—No catalyst 40
0 5 10 15 20 25
Reaction time (h)
(B)
80 |
g 60 | .
c £
k=] =
S a0t é
g 5
(&)
& 20+ 8
pe 1 |
—m— Fes04/SC
0 i —»— No catalyst 40
0 5 10 15 20 25
Reaction time (h)
(C) 50 50
40 - 440
E 30} {30 &
s ®
.g E
2 20 420 5]
: 8
o
Q 10F {10 F
(o] -
By —3— Fes04/SC
O ™ —»—No catalyst -0
I
0

10 15 20

Reaction time (h)

25

B 3-8 2l I NI pH {EXT 2-CP 1 TOC BRI 50H

Fig. 3-8. Evolution of the 2-CP conversion upon wet air oxidation (WAQ) in the absence of any

catalyst () or in the presence of the Fe;04/SC catalyst (D) and with the initial addition of NaOH
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to pH=10.0 (A) or in the presence of a 0.1 M phosphate buffer at pH=6.8 (B) or in the presence of
a 0.1 M acetate buffer at pH=4.5 (C) (120°C, Pgy: 0.9 MPa, 1300 rmp, 150 mL [2-CP], =2g'L'l,

catalyst dosage: 2.0 g L™).

N GE MR o — Pz OB pH A RO AT 223K e
RiZEFFINN pH=6.8 [ITERR EEZE PHIA (0.1 M). 20t 24 h BN )G
Fe;04/SC ALK R XA 0.4 mg/L ) Fe W H . HZ2HK 3-8 B HH £k 41,
Fe304/SC AR T I BEER £h 21l (1 2-CP WU LT %A fie AR AL T
Yo ATRESE BT RARRIR 5 S8 T N A R E A, SR AIh R L. N
i, X LA Fes0a/SC A Ak 7 1) (i Ak 1 30 S0 TH S B A B4 FH ol TR 56 2 1 i VO
R S SV pHeo

AR IR T R B, R AE 200°C FREHATIB LA, AR E
RAIRA AL, BRI ] pH=4.5, 0.1 M KIS A £h 98 A ke P2 S Lot R h s
W pH fH. 550K 3-8 C . =24 h J5, KA 2-CP IR N 17%,
TOC LFR%N 8%, iR sCatl, IANBSER ShZ iAo AR # 2-CP
TOC M ERRFRERKREL . HRAEEKIES 2-CP KRG HERTIIA Fes04/SC
AT, [ S 45 RN (24 h) 2-CP AL ZRIK E1] 42%, TOC 2 BRI N 4 33%.
A IMBATR EE 21 FesOu/SC AR RARLL, iRk REEMBIRKE. H
SRR EL 2R INN , 845 8 24 h S AL TEPELLS) Fe I B H 22 /T 1Y
30 mg/L MK A 0.9 mg/L. A e A N 5Tk, 7] 150 mL 7 2 g/L 2-CP KTl
R ER VAR NN 0.4806 g EALIERR, L% Fe(IDH LN 0.9 mg/L ) 2-CP -fi
MRER, JFT 120°C, 0.9 MPa %70 & T HEAT AR 20 OB, 25 SRR 0.9
mg/L 1] Fe(1D) F- 35 A B S B EAL IS PE

BN 2, R sns 2 w8 S R 2R 2% v T (pH=4.5) B8 1 6 2t By 1k
Fe;04/SC AR AL IS R R, AR IE AR — @ M. B
SRS P IR 28 22 IV WK VA TOC (B 3G (Z) 4.8 g/L), HAE IR A RS,
BERRAS Dyt — 2D Ak . (HIR 5 IR BIBE X AR Y o RE, AR ST 5 BERI AR i
BT Rl A, DRl A I IR R 2V VBRI FesOu/SC AL 1 8k Bk (13t
REA— AT
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PA b =2H380 FesO4/SC AL AIFEMEA IR E A 2-CP IE AR Fe ¥ H B2 50
ZEL, RS- RIATRY) pH, BEA R B BRI Y, (ER [ B Ak
AR PR R KA. Santos 50 70 N S 7EF Cu AL A3 BISRBIIN Z5 18
ABATT 1 S S TN NapCOs {33 pH H 3.5 F+ 4 8.0 B, Cu HI¥ H i 100
mg/L FEARE] 0.1 mg/L, 1 [RII A} 564k 350 B 70%0k /0 31 J A7 28% . Hhk
A, Fe;04/SC AL 5 Hh 37 AH S N LA 1R K DTk A A

3.3.5. EALFIAR e HERIBT A

MEAFIRE R BN SCPRN AR T S A S, & AR T2 —A
HEVF R . 5 FEF] Fes04/SC MEALFIEIR AL E AL AL PE 2-CP ¥ U 2 v
DUEATEVEL i LR, ARG 0 BEXF FesO4/SC AR E MEBEAT B AL

AR ST LR FesOu/SC AT 22 Y0 B S A% FH Jis 1B A0 P e R AR AL SR AN
fEFRE . AT % FesOu/SC Rk ERIAR, S Y Fe & B — RIS 4,
FRAN T8 U 1 s I 25 oS TR pHL AR b, S R R Rk AT UE 1 % X [l ]
Fe;04/SC {167 . Bernat™ /%5 A Fi Hh VAT pH {E46 BRI VA I 4k 88 1 1 A7
FETEAS ) WS FL IS 3R o AEASTT AORIE 5 rh R I e A R e I 485 TR K v
W pH HERPEATT 2 5.2 I, ZRERVAE H TR AE 0.24 mg/L, 4% pH % 6.0 I,
SR Z T Fe WA T ICP-OES AN N IR . M4 DA B Sie g B, e s Sk
6 1) S N7 25 At e [T 5 95 - e B 120°C, %83 JK 0.9 MPa, AL FIFHT &4 2 o/L,
2-CP WMLy 2 g/l 24 h J5, FRMZER ARSI, MA NaOH, 1l
VW pH THE 6.00 Kyt JEIFH £ B 7KBRRMEL ], 25T 105°C TR,
PR,

K 3-9 RAEHZE 2 REZ I BT FesO4/SC A AN AL B AR
2-CP L. WEITRHTLAE H, SVUREEEH, FesOu/SC LA FXT 2-CP Al
TOC M EBRRHBA KK TR HEE—XRBALG, 580 =Xk R RAEFF
UERTAAE— BB . B 3-9 C R LLEH, 1R/ =X E S8 Fe;04/SC 1
IR, RSAR FR ) pH 7E R SATHAAR HBUE S — K R pH B GE T B 15 5 .
[ I TR AT TR I T DY Yk s M AE S SEHEAT 1 h I Fe BOVA L&, 058 3-4 fiios, AT LG
SRR ER #h T A B IR
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(A)
100 e gl ]
80
3
E 60
=
Q@
£ 40
gj —m—1strun
g 20 —a—2nd run
—aA—3rd run
0 —3»—4th run
0 5 10 15 20 25
Reaction time (h)
{B) 100

[
=]
T

—m—1st run
—a—2nd run
—A—3rd run
—3—4th run

TOC removal (%)
o (%]
o o
] 1

B
(=]
T

1 " 1 " 1 i Il n 1

-
0 5 10 15 20 25
Reaction time (h)

—m—1st run
—a—2nd run
—aA—3rd run
—»—4th run

15 20 25
Reaction time (h)

B 3-9 Fe;0,/SC AL E & R X 2-CP [ 2:BR# (A); TOC LFR%(B) LA pH(C) 52

Fig. 3-9. Evolution of the 2-CP conversion (A), the TOC removal (B) and the pH (C) upon wet air
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oxidation (WAOQ) of 2-CP while recycling a 0.3g sample of the Fe;04/SC catalyst (120°C, Pp,: 0.9

MPa, 1300 rpm, 150 mL [2-CP], =2g'L"'].

R 3-4 Fe30,/SC fH A 77 B 52 A1 FH S50 o 2k 25 R Hh A7 100
Table 3-4. Tron leaching upon successive batch experiments (120°C, Po,: 0.9 MPa, 1300 rpm, 150

mL [2-CP], =2g'L™).

Catalyst Reaction after 1 h Reaction after 24 h
Run
) dosage Fe leached  Fe leached Fe leached  Fe leached
time . 1 pH ] pH
(gL) (mg'L™) (wt. %) (mg'L™) (wt. %)
1 2.00 12 5.0 2.6 30 13 2.1
2 1.96 2.0 0.9 4.3 32 14 2.2
3 1.78 0.4 0.2 4.3 40 19 2.3
4 1.58 1.3 0.7 4.5 34 18 2.2
3.3.6. 2-CP SRV FIFT 7T

it HPLC 23 ARl FesOu/SC AR XA AL %M 2-CP (Wb IE] W0 4-
SFIH) 2K ¥ (4-Chloroesoreinol), 2-F X} K [} (2-Chlorohydroquinone), 487 -}
(Catechol), %7K ) (Hydroquinone), K& (maleic acid), FEHIEL (succinic acid),
H 2 (formic acid), & (oxalic acid)fll#; 2 (hydrochloric acid). A 1 #f 7€ S B i FE
B R R = AR AR, AT EC ] T DA R 9 R A A 2-CP A [ER FE IR
EARUEIE, FIFH HPLC AR 2] 10 PRy #-0 B F AL, @i lA sk
FERLRIRRE T2, LIRS SN R ] = I gEA T 28 AN 2 B 4T

FH 2 /L Fe;04/SC AL, T 120°C, 0.9 MPa %7 J& K, f 4k i 204k 150 mL
WILEWREE R 2 g/L 1) 2-CP ¥ . FERFERS MHEE, 23, H HPLC #EAT 7047,
TSI 45 SR 3 WY 3 6 v 8] 7= W W] 43 SR /NG T A WL FPATRMAR B2 114 5% 5 R A & 40 4
Gy, TG Rp ] PR (R B TE SN e v AR L i P 3-10 FToR
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30 )]
(A) Major by-products
. —— Formic acid
—-—- Oxalic acid
20k - — - Succinic acid
-+« HCI
An - &= 2-Chlorophenol
o I
10 +
=
E - =
s of s S T T D R e e il
'.;E L 1 1 L ’l! 1
z (B) ) Minor by-products
§ 4 = - = -Hydroquinone
O 06 ! \ Chlorohydroquinone
) ' =.=-4-Chlororesorcinol
e '\ === Catechol
04k if'r." A v ——-— Maleic acid
£ \
i v .
b \ \
7 ST g \
0.2 L RN \
2t Hi% \
'K R \\
£ L -.‘-\“--. ~
’ ".c'-"( -i:, _________ it
0.0 b —=—t=* N U e i
1 1 1 1 f’.’! 1
0 2 4 6 20 25

Reaction time (h)

B 3-10 2-CP L7 J 7 Ho 5] W T FE2 i 5 S8 B 1] F) A2 A
Fig. 3-10. Concentration profiles of 2-CP and the identified intermediates formed during the
catalytic wet oxidation of 2-CP over Fe;04/SC (2 g L' Fe;04/SC, 120°C, Poy: 0.9 MPa, 1300 rpm,

150 mL [2-CP]o =2g L™).

M 3-10 A o1, 3R] DURIAE [ REWIAG 2h 97742 KB HCL. X 5T 1755k
B SR B 2-CP BRI SAEWIAE MY BOZAR T pH H IR T B 15 A — 2
SN 45 RS VR ARSI 2 15.0 mmol/L 1) HCL, (5 e MAR & & T A 51 93%.
1 HCI 3 5 B I 18] AR Ak i 2R3R 7T LR B, HCL 972 25 7T A2 R AN B o 16
REHT 2h P, HCLRGHE =4, R0 2-CP 7E1% % Bk R A b 2 e e R A
RFFEFAAE HCIM, 2h 2 5, HCl RGN, XIAFFH e & &=
Wiz EAL, BBUH R T .

B 3-10 v, J5AE A EEIAN N T BRI FE BB RS R4, B9
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BUEIZHTIE N, BIAR —m KA R, S TR ES . XL a4
BB g TR L IR I 1 S LI B A0 3-5 Frz o R 2% Hi [a] P 40 () e KR EE 3 C
IR S ST T B ORI R AR . HHR 3-5 R AT LUK I, BT 5 A 1 ]
7 o ey TR E R N (1 5 2 N [) 227 EH AR /N 7 T A WU R AL -2 AT o /N T AT LR
MR N T 07 AR G R nT DAHERT 2-CP S A R e A 57 B iR
WEY, ZIEHFEAPATIT, PERENTTANIE.

R 3-5 HT C BE/RE RN SN R P Mo Kk R

Table 3-5. The maximum selectivity for the different reaction intermediates calculated on a carbon

basis.
PN =) RNIEFER
th | 2 4) & TR
LB TE] (h) (%)
2-FX KWy Chlorohydroquinone  CgH3(OH),Cl 1.70 5.4
4-5 R — 19y 4-Chloroesoreinol C¢Hs50,Cl 1.77 3.7
R Catechol CeHeO, 2.12 2.8
Ko 7R 1y Hydroquinone C¢H¢O4 2.33 5.6
kg Maleic acid C,H,0, 2.37 0.6
FA TR Formic acid CH,0, 2.82 353
ELR Oxalic acid C,H,04 3.60 10.2
BEIAER Succinic acid C4HO, 3.63 6.3

55 Suarez-Ojeda 25 A\ *42I7E CWAO Ak B ) A1 2-CP 3ot F2 hoké I 380 4 350 43 o
6] 7= 0 M L, AR S 6 o I R A I 3 2- 5~ X 2K IR (2-chloro-p-benzoquinone,
2-CIBQ) K[ (benzoquinone, BQ)IX FiFft o [ =47) . 415 4k 11X P B o (A1 =4 42 £
2-5( %} 2 %y (2-Chlorohydroquinone, 2-CIHQ)AIXH 2 — [} (Hydroquinone, HQ)%
WAL, SR ATTE R IR H R R R AR . A IX AR KRR v (8] = e PR 2
e G it — 5 BRI T LR o DRI, 8 A 78 1 S8 mb ORI B R FE 1r
2-CIHQ A1 HQ, T4k e M #EAT 73 A, Mok el 2] 2-CIBQ 1 BQ.

N T BE— B @ HPLC K H (1 9 Ff b 81 =4 (R 5 & B, BRAT K
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B 3-10 A% rpa] P00 S TOC AEAR, FHAEH TOC TR ST BE B L ]
Ak 2k, ik 3-11 FiR, S5H TOC S b G 4 JAR L, T8 A e
P TOC i FELEAS TS50 15 1) TOC 18, TiiX 26% /6 44 I 28 E 2 BLTE )R
AT 4 h Z 5o ARHE S rh ] = LE S SR B[R] T DAHE T, X — ZE{E AT
At H T8I HPLC AR AR ARG H 43 B A 0 43 /N 7 F AT HLER P oA

1200

—m— Measured
—a— Calculated
900 |

600 -

TOC (mg/L)

300

0 1 i L B 1 i n 5 L

0 5 10 15 20 25
Reaction time (h)

B 3-11 SR R ks il 43 v 8] P05 82 TOC Sl Al -5 43 B I 48 1) EL R
Fig. 3-11. Evolution of the measured (W) and calculated (®) TOC values as a function of time
upon catalytic wet air oxidation of 2-CP over the Fe;04/SC catalyst (0.3g Fe304/SC 120°C, Poy:

0.9 MPa, 1300 rpm, 150 mL [2-CP], =2g/L)..

M A g R A AT A b, W AHERTIZ R SR RN 2-CP R fE
WAL KB 3-12 fos o RNSATIRH B, 44 & =4 O, 1 OH-4% [ i3k 55 2-CP
DT RAMREE BN, 3 2-CP /) FIRIBLE R, A bR A 2
YR, 40 2-506 4 3 (2-Chlorohydroquinone), 4-5(/A] % — [} (4-Chloroesoreinol),
A2 —Ty(Catechol), X4 My (Hydroquinone)Zs . X L4557 ik v 18] 2= W4 g i3k —
AR, RIPATIF, AR E/N G FANER, W5 KR (maleic acid), BRI
(succinic acid), FZ(formic acid), HR(oxalic acid)&s. M M IBEIT, 1XLLp=
Y A1 iR CO, A1 Ho0.
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OH

ok cl
~ OH
OH

OH

Chlorohydroquinone Maleic acid
?n
ci 9
Boy
H Formic acid
OH 4-Chlororesorcinol COz
| & 02(120°C Po: 0.9 MPa)
> OH — H — Hz0
FeSC catalyst OH
2-Chlorophenal Oxalic acid HCl
Catechol
OH HDHOH
5; Succinic acid
OH “~ HCI
Hydroguinone
- HCl

&l 3-12 2-CP 7L H Fes04/SC A 71 A UM AL U1 S b 1 3 22 e it i 42
Fig. 3-12. Simplified reaction pathway upon catalytic wet air oxidation of 2-chlorophenol over

Fe;04/SC catalysts.

3.4. /NG

AR5 e B SC AN Bk A0 175 e BL B B2 & P AL 7 FesO4/SC B T
VB ML A S S AR HE S IR B 1Y) 2-CP Y. R 9T T IR ML A 2-CP (RS 16K,
TOC Bk, VAW pH BN S 8] PP b8 s 82 T R AR A R o SRt S B i
FEFPERER VA IR, Je 3% Fe I8 HMITTAT 7 & WEARLS R K.
(1). Fes04/SC A7) FA ey (i U AL B AL TE P o £E 120°C, %70 24 0.9 MPa
R ZEAE TR, 0.5 g FesOx/SC fiEALAIRELE 5 h WA 150 mL WIARMREE N 2 g/L
(1) 2-CP AR 2P N 24 h J& TOC KBRFEHEIE 90%. K HIHL2ETE
HLEE Ny 50.5 kI/mol, 5 2L IS AL AE (£ 140 kI/moD AHLEL, N Fes04/SC
Tl TR RE A 5 ARG S (TR AL e
(2). Btk Frf 2-CP (AL, ¥ pH AL SR =& 2 A2 EA GG, M

99



HL RS 2 AR S

SO R o BKERVA HH BRI R S A SR, AT 72 AR K HCL AN F A HLIR
SEEW pH I T RE. [N 24 h JETEJER PRI FIZ) 30 mg/L 1) Fe, i
BRERBOINER) 7 wt.%. BTN pH=4.5, 0.1 M FIESER 25 S8 rh i RE A 20w
DR, [RIB S FesOu/SC MEALTIR B — @ IIMEAL TGV . B T ISR A 5 1E
JE SR AR AR T o PR, DRI el 1 ik R ¥ HH ) g VA SR B
HA — 2 a7k,

(3). ik HPLC 4l 4- & 7] 4% — Wy (4-Chloroesoreinol) , 2- & X A% — Wy

(2-Chlorohydroquinone), 4liZE —)(Catechol), *f# —My(Hydroquinone), 53k
2 (maleic acid), HEFA®R(succinic acid), & (formic acid), % /% (oxalic acid)
A ER R (hydrochloric acid)& A [A]F=47) o 8 I 5 1 1w [i) 7= ) PR 3K o e 12
I AT AR A AR 0, HED HY 2-CP 7E Fes04/SC A1 2R S Hh 1 B gt A
2-CP H 465 Oyl OH%5 [t 5 R AL IR sl IR B, A= il 3R R Ay 2547
o HHERMPE—LEML, FTFH, ERKEN THEIR. SR N 5%
P14 HCL. CO, AT Hy0.
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B4a4E Mn-g-C;Ny/ SRS S RFENTIR
FlE B TR R

4.1. 5| =

24 FNAS N4 28 A i (Pharmaceuticals and personal care products, PPCPs)Hi T
FEAETEE IR BT 2 A R, AR 32 Bk 8 22 11 G . 74k % PPCPs &
W5 R h, WG SHTAE FRAE I PR AN & MU = 5 T 2 SR, BAERRSE g
H A . SR IR YIAE RG2S 50-90% KA S o H AR HENAE W
R (T R AR TR 2 0 e e, BEN R IR o | TR R i A 3 A sk
PERUR A=A, 3 LR TR B /K AR B i B AT/ S K) HiK, e
FOKL UK H R KR L33 R HE R FEAE ng/L 3 pg/L VSR (I 265 )
W X LB B B RS SRR BT R S B2 M, X NS AR A A i T L
JBre BEAMEARGE, RIS ARARIR R i FH O M (Sulfamethoxazole, SMZ)HRE
PR B ARG M. BT R RN G B R AR, TR AR A
L 2R 25 Bk o BRI, 75 R A A2 B AR XS &5 LR 25 (1 R K AT A 2,
DA AE IS P (AR RIR B o AEARZ H T A B B A 3 R K K i e A Bk
SEEMNE R T HAAALRE Ty B BRSO A, R /K A 3 AslAT 1R 4 1) I

ﬁﬁ%[ﬁlo

AL R A E A D R BRI R KRR PR L Z, kg s
SRR EE BAT S i ARG o IRARHEAL RIS, W A2 AR AL R AR
EACEMZ ML R AT, b arE K2 2 e R TE AT, s %
72 LA BB S B I S O AR SRR R AR L, AR AL SRR
FATERAERIAE . AR T B KA R A BRI i, Rl O AL R R
PCRIT TR 2 o E AR AT PR, 3 PR A BB R D R A 79 B R A 720
A I FH T A SRR S R ™1 o 90 R e Bk 1 5L A% 1 15 L 3 T
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T B R A o B B A O, HrpiE R 2 1R AU E AR, AL E (Pyrones)
B 2 LM (Chromenes)!™ o JEAF JRAT 27 2 2 A T3t P2 THT 75 U0 e B g 41,
W15 F£(Amino groups) "2 HiL % (Pyrrole groups)™!, A g iE P4 5k () 5L AEUME A 5 1k
R . H Al E 2@ e sl R Hyy No B0 NH; AUMHE PEBR AT Ab 2
(17 VR 0y B R T A B RE Y A, S FE A I T B A SR
FHTEAEFEER o BT, WTEIH Lewis BRAE MR . fEMAL A AN
i, BA o A SRR iEE R 4-1 5 42, PIoRRMNAE OHY,
IR — RS A R R

—Cn+2H,0 < Cn—H;0"+OH~ (X 4-1)

O3 + HyO +2¢ "> 0, +2 OH"™ & 4-2)

A RAEADRL AN A U V2 AT 98 B AL B A B — R 2 BRI e
Teter 1 Hemley %@ 25— 1 S 3 a1 By BR VT B4 Hh UL BAT 76 FLRIOR
E A : o M. B . 32774 (cubic). 2837 J5 #H (pseudo-cubic) Fl 2 4 58 AH
(graphitic). A SBMEALERE = T EcohFaE N A s 2, BHsiAN
A1 B AR BALTH (g-C3Ny) A& DL = R 3R (s-trizine) B # = $4) = WE¥f(tri-triazine)/E Jy BH &
ghitty, I N R RIBOE MR KU AR EE MY, =R
WIS IYEEAE T 45 . Kroke SEHRAE % FEVZ s B (DFT) THH 4 RN L =3 =
BRI A FEALEF ) g-CsNy SR (B 4-D o Aa ™ . MiE4Esk, K g-CoNy 1 MM
RGN e (3 it

A 4-1 g-C;N, HAAL R R

Fig. 4-1 An idealized g-C;N, sheet.
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FRM K1 0 RS0l 4 8 EAL AU A SRR, 38 3o v A ) 4% £
WEJBM g-CNy, IFHIERT WOCHEATIFEME L FHEH B, 45 R E BB AN
FILL Al g-CsNy I H T A0 57 AL . F R 1K) Bing Yue %5 AP0 5 o 5 25 12
1 &13 Zn B2 -GNy AL, JF5 S w] WG I S RE T, 45 KB
Zn BAEN 10%MEAFI 8R4 g-CNy (1 10 5. XEER BT LIRS
B A T 5T B . %P Ag BAN g-CNy Hifk
dr, RILPTEAR B R R BUROGIE RS, 4 H ARG 2 A SR SR I ol 41
B, HARMIR AL 1 mmol/L, FATRUFHIR AT Ft. (H2 HATA X B K
(V1R AT 78 B T HOUA MR . 5 REHE g-CaNy MOEME Ak e 4
b, B g-CNg TENBRIE AT RIEIEAZ . Antonietti AR g-C3Ny 7F
CO, B IR G R . Friedel-Craft BERAL . i/ HRER 0SS s L H 35 HL AT 4 v PR
PEAEALTE . Zhe 25T o CoNy (AL M NO ITERE. RILEHT g-C3Ny
FRE I 2p PUE AR NG T IO B, A8 g-CsNy A7 — € 1) Lewis BiifiAL
PR 24 NO MR Bt bR Z )5, ¢-CNa ' N R PR #EEE NO, (15
NO A FRFATRE, FEmil PR RS N, F Oy [FII 10 708 K IAE
g-C3Ny BN Zn(IDAT Au Hil 45 1 G JE 15 2% g-C3N, R I H B m A& . itk
AL, g-C3Ny B Lewis Bl LR, R g-CNy F N iR S EFE, 4l
LRI N 55 H R85 6 A BR-NH, 258 BT By AE P4 o 1 b 790 (033 6 P
OB L B O 0 RA A . B4, ERIARES, T e-CNy B
SRS BUAEMPRII A K ZE] g-C3Ny FIZ2EA 38 7 EFGPIREALGE 15
Wi, BTG B R RTINS . B AT W, g-CsNg BRI B ] Bk
A AT AR S T Ak LA SN, 22 I HR A o R A S A T
Mo R HETAR WA K g-CaNg S HAH A RHME y SR AL AR i

15U s MR (Sewage sludge-based activated carbon, SBAC)H A A ) b F AR
FEE MALBRE ), B0 R UM P /K AR s T2 A AE IR & PPCPs. K57
R A TG SRR S, REAE IR N AA 2 S BT PPCPs (14795 B A1 4 A B
fifto T ARG VR TE VAR I A SR A e, AR B0 2 R [ R IR AR
Mn #57% g-C3Ny FE TI5Ueid MR, H4 mobi Y 5 & mA . E3R 5 ek
LA TR A PR [R) IR A e T A 2R 5 1) 5 T 491 B AH B A Bk B R T RRUIR (<
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10 m*/g™%t PPCPs MR PGt 77 55 1 ). AR 5K DASAY A R e K A= R 25— —
fg i B (SMZ) N A ARTS 3, 5 R BB o AR 55 TRl TERR 1 = S 1AL
FIR A TE Y, FFRT AL R A PEREAT I 7T

>

Ne

4.2. SEXOERSY

4.2.1. SERARFI SR

R 4-1 LI P E 2

Table 4-1. Primary reagents in the experiment

2yt F& IR
=R I3 Hr4li(AR) fntis3 CE oA Il
LR I HTAE(AR) ARG
LTE 7 HT2E(AR) AR
fi g S e I3 HT4E(AR) a3 0 E A=
AT 7 HT4E(AR) N
WEIR I HT2E(AR) ARG
ol I HT2E(AR) AP A

o J ARG G OB V) B A PR R A0SR 4-2 P

42 T OB R AL 2 2 g 20

Table 4-2. Physicochemical properties of Sulfamethoxazole

Molecular Solubility
Width Length Depth Acid
Structure Formula weight at 25°C
(nm) (nm) (nm) pKa
(g/mol) (g/L)

N—Q
M A
N

C1oH11N;058 253.28 0.71 1.33 0.58 <1.0 5.7
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4.2.2. SEIG{Y 3R

R 4-3 LI PTH EEAE

Table 4-3. Primary apparatus in the experiment

(&2 & ik AR
PAE IR SRR A DHG-9023A g —ERHA IR A A
TRV B 2% DF-101S FEIR A EA IR TR A T
NP SKF-2-12 PO RAER B A R A
P AL JP-C100 J T R R U T R IR A
HA AL 2X-1 (R -
SRR YE-TG-02PII R SRR A R A
R &5 IDEAL-2000 T 178 522 ek ) 4 BARAT B )
MR AR 85-2 MR A PR
e RSO i LC-15C H A I i
pH it PHS-3C MR
COD T ¥ fif A MS-3 IR LR BE TP

4.2.3. ARSI &

4.2.3.1. Mn B34 SAEALBRAELT B ] &

A SR AH B A BIAEAL 71)(g-CaNa) I il 88 K ) = SRR Bk o FRIL 2.000 g
= IR AL (C3HeNe) FHRIBA 78 73T B 5 B N B T7 Ak, BT B A, T 550°C
75 No SR 4 b, FHIRE R HIA 3°C/min. FFAEIEREG, BUH, BB,
I 28K P B A I8 pH T E AR . RS T 105°C M, ik 200 HE, 15
FAGTAMEALT g-C3Nyo

Mn 15 %47 S BAL TR AL (Mn-g-CaNy) 1 46 5 IR IRA ), K — &
4R S 2.000 g = REUL(CsHeN) 787 T BE 5], i i il P AR A 15 2
TAE YN EACR S T2, ST BRI & B 5 2% . Rkl RS =%
L HE WL 4-4 Fios.

S
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R 4-4 Mn-g-C;N, R BRI i) 26 S5Ok}

Table 4-4. Preparation conditions for Mn-g-C;N, catalysts

Sample Melamine (g) Manganese(II) acetate tetrahydrate (g)
g-C5Ny 2.000 0
10%Mn-g-C;Ny 2.000 0.583
20%Mn-g-C;Ny 2.000 1.402
30%Mn-g-C;Ny 2.000 2.633
40%Mn-g-C;Ny4 2.000 4.697

4.2.3.2. T5YRIEMERK ] &

ARSI BT 5 e ) PN T A A K AL BT i i B K5 e, B0Je H
2013 4F 7 H o ¥k T 105°C T2 MEE, o 100 B, THEssdir
&

K FH SR AL S0 A 2] 4 15 TR v PR B K 100 g V58 5 250 mL 5 M ZnCl
R G5 R0 24 he I IEfE R TG T 105°C FHVT, Z RIS
TN, BT E XY 650°C FHE 1 h, FHEEZ: 20°C/min, Z/
H: 40 mL/min. #AEESIEANIEA NaOH R R AT A3 . Rl 4 R
AR FIREEFESIUH, FH 3 mol/L [EEERMT 60°C MK Bk, H
F 0.1 mol/L FEFRERVE AR 2 CIA Ik FFE 5T 105°C HETF- 12 /N, 3 200
Hifi, 135 0eiE sk SBAC.

4.2.3.3. FSTRIEMEBRA Mn-g-C3N, &AL ) &

R 4-5 5 YR IETERRCR Mn-g-C3Ny 56 2 B A7) 11 26 Sk

Table 4-5. Preparation conditions for Mn-g-C;N4/SBAC catalysts

Sample SBAC (g)  Melamine (g) Manganese(II) acetate tetrahydrate (g)
Mn-g-C;N4/SBAC, 1.000 0.142 0.049
Mn-g-C;N4/SBAC, 1.000 0.285 0.097
Mn-g-C5N4/SBAC; 1.000 0.569 0.194

Mn-g-C;N4/SBAC, 1.000 0.853 0.290
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PRI € o7 8 1) = SR RGN SRR, TR BR 78 40 WIS o Z JE I 1 g HY 4.2.3.2
A5 e IR 5V AR TS VRIE TERE SBAC, FEINN 1.2 g 28, FEWFR 4k ST
B, BRFERIREA . BT RIR KR SN E T A, E 105°C THT.
BT H M P T A, AR AR 4.2.3.1 o s AL (AL 77
[ & o FITEEAL 6T 44 8 Min-g-C3Ny/SBAC,, H FHx x fiE = B &I 2.2
B R R g N, BAREGE] K 4-5.

4.2.4. AT FIRAETT V%
[ 55 & 2.2.2 F.
4.2.5. REMILLE

4.25.1. EKFEE

B RGN 4-2 s, i8R 40T SR R AR 8 A B e TR B 2R AR
Er A R P I LRSI B R 4 B B, 0 A R SR T A U B AR
B, B3 IR AR BN 145 mm, ELARON 55 mm, A RN 300
mL [ BT B I B s b OBiEs B TEIR ML s as b, i s n#el i
IS P AR AR VS (R o TR S Rl N KL B AT MR

|—rE RS, 2—RAERES, 33— RAIRER IS
A EIREE I FERS . S—I gy 6—2% KI WU
K42 RERMNAFGEER

Fig. 4-2 Diagram of ozone oxidation system
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4.2.5.2. REMEAREARRR L BB SEI T VR

[F1] 5 B2 4 I 200 mL - O80T flg HE SR R AL, O J 1B P FE 4%
fril B B E BARE f5, N — @ BT A A, B A3 | min MM
FIBURLTE R 809 51 o FE SRS ROSIRT, TR G E0E S 2 /15 #E 30 min
LIS R PR A 0500 Tl fe PR SR04 2 R W5 BFS 3P o WP 30 min J5 45 1454, HX 2
mL 7KFE, JEIE 0.45 pm FLAR IR RR 25 [ At Al 7). FH e OB € 0l 5 R B
AT 2SS R R SRR IR

TEVR B S R EAT O RN, L5 JR B4R AR R 2 i o 1 A U
SR AR 4% AR R B = AR R SR BE o AP B HEAT 30 min Ji5, JRIH 7] )N
FPIEAREN 0.2 L/min HIRFEERGE 1 RA SR TIRE— 52 B 1A) 8245
SmL %, # 2 mL &0 0.45 pm FLAE M IE s BN BRE RIS I
0.5 mL 0.05 mol/L 1] NapS,05 Itk LA 2 B i ik AR i) L4

4.2.6. S

FEMLZE 0.45 pm HBEREIE )5, ] Shimadzu LC-15C 24w 80BH (A 58
TR o B IR S o X PR E 4 Wondasil C18 (4.6x150 mm, 57 GL A A),
FER 30°C. A RGBS SMZ FHREE R =4, IR B AH Lo 28 i 240 h 30
vol.% H EEA 70 vol. % /K IR AW, FH 85 wt.%MIk HyPO4 % pH 4 2.5, Vi
BN 1.2 mL/min. BEFEEA 20 pL. A ¥ 2 N 265 nm.

VT pHIF I &4 F b g TR A4 38 T IPHS-3C &Y pHit .

SRS FE R ) COD BRI B RV AT I e, O T S NapS,05 X
I 5E 25 R, B AR N NapS,05 IR LRI 05, MM
BN 2 min 77 2R BE TR ) O5 WO EBR

PEVR A H 4 )R B T UK K F Optima. 5300DV 7Y L JEGHE & 45 8 TR- R TR
BG4 (€ EPerkinElmer2s &) ) #EATIN%E
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4.3. R E®

4.3.1. Min-g-C3N, FITES K S5 R AE

MK 4-3 AT ULE Y, FEH] % g-CNg LRI LR, R A8 HEALTT I
MR AL B 2t o H AT DABHE N S H AL S W E BALBR B AR _E 1 973
B AR AL D ERAL A P

e

g-C3N4 Mn-g-C3Na

B 4-3 g-C3Ny 2 10%Mn-g-C3N, fiEAL R &

Fig. 4-3. Photos of g-C3N4 and 10%Mn-g-C;Ny catalysts

n U 11.4r

& 4-4 g-C;N, (A)F1 10%Mn-g-C3Ny (B) 1) SEM K

Fig. 4-4. SEM image of g-C;Ny4 (A) and 10%Mn-g-C;Ny (B) catalysts.

N T EEEE Mn B0 g-CaNy AL FTE SR RENE, X g-C3Ny A1 Mn-g-C3Ny i
WA BEAT R L T . 18] 4-4 2325 T PRI RIZE IR 55 10000 5
[¥1 SEM fr. B 4-4 A FTLLEH, DA RENNFRNE T # R AR %M1
A B R AT B A W S O BRR Y R S50, Hab 2k RN FIZE TV . 76 Rk}
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WA GRS 5, #3515 1) Mn-g-C3Ny 546 g-C3Ny #H L, RITEIA IR K Z .
PR TEARAEAFEAKIN, A% A 4 AR A 0, [ B 00 R~T 0 B AR/

N T HEMENAIERTT Co Ny Mn B0 AfE 0L, X g-CsNy 1 10%Mn-g-C3Ny
R LA E=Fc % #4T EDX mapping 14, £ R IWE 4-5. g-CNy FH T E LR
N C. N, WFPT A% 5 B 50 A0 TR T . Mn-g-CsNy HBR 7434
BB Al CON Je A, il s A I N Mn 7GR A #], ) Mn EDX
mapping 45 B AL AN ELHEE ) Mn CAEH B A1 73 T o-CaN, #iddd.

g-C3/N4: C mapping g-C3/N4; N mapping g-C3/N4: Mn mapping

Mn-g-C3/N4

B 4-5 g-C3N, fll 10%Mn-g-C3N, ) C. N Mn ] EDX mapping [

Fig. 4-5. EDX mapping of C, N and Mn elements for g-C;N4 and 10%Mn-g-C;Ny catalysts.

R 4-6 g-C;Ny fll Mn-g-C;N, 1 C. N, H & &

Table 4-6. The content of C, N and H element in g-C;N4 and Mn-g-C;N, catalysts

Sample C (wt.%) N (wt.%) H (wt.%) C/N ratio
g2-C3Ny 343 59.3 1.8 0.68
Mn-g-C;Ny 33.15 55.6 1.5 0.70

BBAh, FATER FH TC R A E PIA EAIH C NL H & &, 458
* 4-6 Fion. WAMMEFIR C 5 N 45008 0.68 A1 0.70, #2E#IR1H 0.75,
FEUCUE SE BT A AL TR A SR AH BB g-CaNy MR} fEAFR > &) H AT REIR
THEA I T Re A

114



9 4 T Mn-g-CsNy/T5 Rk 2 6 R ME R il 2 S AL iE PR 7T

A FEEER S TR P MAANFEEN LR, & HAF Mn & &2
Mn-g-C3Ny ], Fo0r Hh AT XRD 404, 455K WK 4-6 Frzm. M XRD i &
LAV X T Mn B2 28T 30%MIFEm, 7E 20=12° A1 27° BT HIL— A4
S FIER AT, 230 VAR T S A EALER (0 0 1)FI0 0 2)dhTH, XA
T 43 590 A A S G MR ) V- THT J2 P 3 A0 55 75 3R (1) J2 R HE R T 5 A2 1y 71
b, AT RLHE T I 8 A A R 2 2 DL = R PR g B A PR T 0 K B EIR S )
g-C3Nyo

S

T

P

%)

C

2

= 20 %
bt a0 %

10 20 30 40 50 60

20 (deg)

B 4-6 AF Mn 573 Mn-g-C3N, ALK XRD A7 5 &

Fig. 4-6. XRD patterns of Mn-g-C3;N,4 with different Mn content.

2R 4-T Min-g-CN (AT AR AT 3 K617 555 7 R0 Bt 1 T

Table 4-7. Bragg angle and interlayer spacing of the Mn-g-C;Ny.

Sample 20 for (0 0 2) plane (deg) d spacing (A)

2-C5Ny 26.983 3.30
10%Mn-g-C5Ny4 27.374 3.26
20%Mn-g-C3Ny4 27.443 3.25
30%Mn-g-C;Ny 27.569 3.23

40%Mn-g-CsN,4 27.580 3.23
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54l g-CsN4 AHEL, Mn-g-C3Ng X R0 0 2) s T AT S I BIER . A
AL B R (1) 5 T 2 T LAJE T Bragg A2 (4-3)E AT 5,

_ A
2sin®
A, d BRI RE: A2 X LRI K (nm), HL 0.154056 nm; 6 ARTES fi(Rad).

R 4-7 45 T AF Mn 2 & 10A SEAHEABRAEEAL 0 0 2) TR RIfF 26 fiT 5 ik
7 8 K ARYE Bragg AN AR SR . B35 Mn R0, (0 0 2)H%
JSLFR) 20 77 5T et ) o A FE AR RS, e T (RLRE RN . X2 R T8 Mn (&5
N, B B SBAR AR 5 285 8 AR AN P PR R B ot AT 5 38504 T )
PEAR NN, X — LR DI SRR A Y R B N g-C3Ny Sl

ME 4-6 FIETTAE H, BEE Mn B4R 10300, (0 0 2)RT 4 1 5 E
WHRES, (10 0N FIATEH BRI Mn (I35 NIRETHE . 20 H1 & RE o
N #I CBR AR PG = R AN GRS, TSN g-CaNy AL IR 2
JE. [FIRE Mn 82584 40%[K) Mn-g-C3Ny AL IR R ) XRD 1 B o] bAoAk 3R
7 20=32.9°,45.2° f1 55.2° A BT MnoO3 [19(2 2 2D, (3 3 2)H1(4 4 0) &1 4L
[K5T ST IE(JCPDS 41-1442). @it Debye-Scherrer A2\t 5H 43 MnyOs [ diki R~
5.2 nm. Hitk, FRATET DLHERT 71 2K Mn & DKL Mn,Os F727E T g-C3Ny fif
AR, RN T3R5/ RST I MngO B0RE, (7 A8 4 DR et B 6 38
IR g-C3Ny IIZEH), 15 22 SE50 ik % Mn (M52 88 10%.

T E A TR AR Cy N RN Mn Z 8] (¥ RE S R s 1 o, A%
WS g-C3Ng £l Mn-g-C3Ny HEALFIEAT FTIR A2, K] 4-7 HmT DUE H SRie i 4
FITA 10 1 B A S5 g-C3Ny 1 FTIR WRUSCIE 17 B 55 SR> s 1y 46 SR S A —
$: 807 e AL FRIMR IS UG S = IEER I THI A 25 R BNFFIENE ;s 1247 ecm™, 1327 cm
11409 em™ AL FIHRBNIE A A1 SR AL EALRR H C-N B IRFAE OIS s 1635 em™ AR T
MR SIS S C=N B PRI R S SR 35 3100-3500 em™ [X 45k A 4 58 O Wi 6 U g T
NH, Fifidadeshii. 54 g-C3Ny XFk, Mn-g-CsNy 7 FTIR @& 1000
cm'-1700 em™ X I AIK BT C-N A C=N §8 F{F 4 4R 3 0 WH 0855, T Rt il T
G IRIB AT BRI SRR IR I Min-g-CaNg AL RIfF FTIR
B AR 2163 em™ A H BT RSO0 o JE IS L R C=N B IR ISCUEE 2225-2250

(X 4-3)
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em’ Z [P, {E MR 4 e P B T AL A SR TR, B2 C=N B KRS,
W P LT AN [ AR BT TR R AR 40 8% o 9K Gérard Simonneaux 25 At
il £ K145 24 T8k - - 7 AL A ) (Fe(ID)(TPC)(t-BuNC),) 47 FTIR 43 HT St
RIIB A Fe(IDZ )5, &Y+ C=N MM Iigh 2130 em™ 35 % 2117 em P,
)% # Chiniforoshan 5 A & B — R UK 2 - DU 28 2 nh ik Bk (D) 45 & )
(Tetraphenylporphyrin  iron(IIl) complexes with substituted phenylcyanamide
ligands), ‘E AT FTIR 3% & tph ST C=N RIS IE - IIAE 2065-2125 cm™ BAI%
BEMXE PP, Yue 2 N AR Zn B4R A6 FTIR W% BRI GE )08 T C=N
(I ST 7E 2185 e b HBLPOL, HEHED C=N 21 4RSI 2T 7 1B 52 TR B
TR, R EIRA TSN ETI, =RH P& RN, NN
U C=N SRR, b2 E SN

AR L R FRS R OGRS, n AT 4-7 o 2163 om™ PRI IR MR IS 04 7 2%
A TR C=N. HILa] W, Mn A & P45 20 500 A S2AR AL BRI 454, 53K
By ZEIRRAR, Fhh sp® 4AK ) C-N B AR R C=N 4. FTIR 20 #r4h BRI FE
K Mn L EHBAK M g-CiNg H =IBI5FZ MR EEE, HTEREG
JEE R B R =R BR A M AR, KRS B R A B B IR RS N
B RERIRE Fv o AT <6 ) 45 2% UL B A 70 B AT B v OB E AR ZE 1 Lewis B
TEATEPERT . Rk LT A ELAT B A R SR TR

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)
B 4-7. g-C3Ny Al Mn-g-C3Ny4 [ FTIR &

Fig. 4-7. FTIR spectra of g-C3N4 and Mn-g-C3Nj.

117



HLl RS 2 iR S

R 4-8. 11 S BRSBTS FTIR R oy

Table 4-8. The IR absorption bands of g-C;N4 and corresponding metal loaded compounds.

Wavenumber (cm™) Functional group

807 Out-of plane bending modes of C-N heterocycles

1247,1327,1407 Aromatic C-N stretching

1635 C-N stretching

3100-3500 Stretching modes of terminal NH, or NH groups at the defect sites of the

aromatic ring
2163 C=N stretching when coordinated nitrile in Metal-CN complexes

2925 and 2850 C-H stretching

N TP HiE Mn-g-C3Ny 1 Mn BLNES, ABFAFIA X-HE&amT
BE T (XPS) X AL FIEAT RAE - K] 4-8 H Min 2p3/2 RS2 XPS REIE K T LA H
Mn 2p3;, Al Mn 2p, (LTS5 G RE AIAL T 642.7 eV H1 654.5 eV T MR 21T
7 M5 138055 M- Y - (Ot - i 35 ) 28 3 IR E £ 40 (Tetra-(p-nitrophenyl) Porphyrin Mn
Complex, PsMnCD#E47 XPS 7041, AR T Mn 2p3/2 HIZ5GHEN 642.4 eV,
P,MnCl (£ WA 4-9 Fion. 7£ PaMnCl 78 Bt 5 A nb kA _E (1 DY AN N
JEF T Mn ST UIERR, TR Mn-N RO HE, 15 Mn 25T AE
HA K n R ILEER 40 2

1T~ PsMnCl ' Mn 2p3/2 II45 & 8 5 A 7 BTl A3 (K 45 RAEE AT . [,
HArHE I FsfEf) g-CiNy 51 /& H = A~ =14 =B ¥R (tri-s-triazine) i@ i = f 7
T N JRFEEREM AR, —BER L C. N JRF R DL sp® B 240 e, p $usHh
RTINS HL 2 T s — A v B 8 3 L 2B T M ok A AT 5 A8 25 R 1D K o B (a5 4-1
Fim)®l 4R Mn PHES T HA SH0E, BEESZI BT, 555 =R
dh BAT R TR0 N BT, ik, AT RAHERT Min-g-CaNy AL 7] (1)
Mn 5 C. N 243 N JERL 7 Bihisd. AERFFF4 10 M BE % R, Mn Al Rgid@ it
5 O R Tk -p A itk . Ding %51 L MnCly-4H,0 R Ay Sk e it
R AL Mn B5% g-C3Ny, JEIE XPS /1K W] Mn 243 . 454 XRD 4047
ZEIL, HED ) R AR AN = R EUE O ERHE I IR A VLTI Mn-g-C3Ny H, Mn
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PL Mnp O3 FITERAFAE . HT52 3] Mn-N FCAZBE 5200, )2 g-CsNy H 23 s )RS 1)
PRI, Mn-g-C3Ng ) MnoOs ¥ PLGK BRI 78 T g-C3Ny B2 1 2 TR . #E 5
T WYKL A7-E 2 180 J5 7 T 57 S AL R0 35 THT R 11 175 . 21, 3k Aol Bk £ 2% T ek
JN. B A B Hb A PR Min-g-C3Ng AL 77 - Mn-NFC A7 82 ) T Ao

ST, X HERT AR S PR 2 Mn B2 EEUKN, XRD KIS

Mn,Os FRAT S 06 H EIX — I 5 o

Mn 2p3/2

4.8k Mn 2p1.2
w
P
€
3 47k}
(@)

4.7k N 1 N 1 N 1 N 1 N

660 655 650 645 640 635

Binding Energy (eV)

4-8 Mn-g-C3N, ) Mn 2p 541 XPS i/

Fig. 4-8. Corresponding high-resolution XPS spectra of Mn 2p for Mn-g-C;N,.

CH» CH»
| |
CO2CH3 CO2CH3

B 4-9 Mn-JU-(hf - 5 48k R IR 5 47 45 40 2K

Fig. 4-9. The structure of P,MnCl.
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AT FEIEEL g-C3Ny A1 10%Mn-g-C3Ny(2 )5 8 5 N Mn-g-C3Ng) %t 5 B AL
I T LR R G I S e AN P SR AT RAE, SR 4-9 ATLLE 54l g-C3Ny H
EE, Mn-g-CaNy (AL A LL R TRIARBS A G I, FTRE2E BT SR A B B2 v
A COy CO SR, AT — s (M FLIE A . R S 38 A 2 ) Ak 7 1Y
pHpzc BETIE R, R HEAL IR IER B .

£ 4-9 g-C3N4 Al Mn-g-C3Ny [I35B MEE Ak 2 1 i

Table 4-9. Physicochemical properties of g-C3Ny4 and Mn-g-C3Ny catalysts

Sample Metal content (wt.%) SRET (1rn2 g']) pHpzc
g—C3N4 - 9.3 6.4
Mn-g-C3Ny4 10.7 24.0 7.5

4.3.2. Mn-g-C;N, 5 Mn,0; b5 L

N T LT T Mn-g-CNy AR Y, TEAELFRIHRINE SN 1.0 g/L %
TR RHELEET g-CNy Al Mn-g-C3Ny 5t SMZ AL S A R0,
4-10 ATHI: g-CsNy AT R FIUH B B MAE 1, MRM 1h )5, [
IR R SMZ I LBRFRIEIN 5.5%. 104 7E g-CiN, AR H B N AL
MAKRLZ )5, AT TS R4S, MR SMZ &R
g-CsNy 7R R 28%. A WL g-CaNy HAR H i Min, O 7E AL SR A AL T
P A TS P PO I

NTHE g-C3Ny FUATE Mn-g-C3Ny AL ATl e, AR T
1.0 g/L Mn-g-C3N {44 7155 754 [F] Mn BE /R 2 HIRCK 2R b Minp O A FRIZE AR TF]
S0 S A T SMZ [ S EAL B IE L.  4-10 7T DA HE 56 AH A BE R 4 Min
ISR R, Mn-g-CsNg AR R VS PEEE 2 & 17 i MinoOs.

A2t MnyOs g-C3Ny 1 Min-g-C3Ny [ pHpze 735N 4.2, 6.4 Fil 7.5, F
1 Min-g-C3Ny FA 5 S B o Mt 3~ R A, — SRR B R R (A T
Vet . B — 5, £ Mn,Os 1 Mn 2B T RAEE, e
Mn-g-C3Ny 1, EAFTE Mn-N JEANEE, X FRRER 7R F 7 20K In ik Jse B 1ok i
O; 5 HARIG JW 2 IR 73R8, (R SAAGIE SR RS I AT, AT A A A 72
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P ST MnoOs fEfkIE Y. tE4h, BT Mn-g-CsNy H ARSI N A K 255
$i, Dong ZEH L 1 R R T3 524 20 nm A1 200 nm £ CosO4 TR fEAL R AR
BRI S 1, SRR, 200 nm B CosO4 Bk L-F e idEtE, mnA
20 nmCo304 ZHAKML 1) R AAMEA AR Z U BE AL A 25 B 4R 151 37.8%, on AR i
PEATE T o BT GOKRORE RS/ BER TR . el . RIS, N
A FE R UL HE B AR 5 A A 751 B v ) SR AR AV 1 o IX 2 Min-g-C3Ny LA B
EAGIEPE I R 2 —

1.0} —m— 03
—A—g-C3N4 + O3
08k —»— Mn203 + O3
) —®— Mn-g-C3N4 + O3
0.6}
L\)O
O 04}
0.2}
0.0}
1 1 " 1 " 1

0 20 40 60
Reaction time (min)

4-10 AFEZAFT SMZ (1 5L A B AR AR
Fig. 4-10. Degradation of SMZ through adsorption and catalytic ozonation by using O; and
different catalysts (Mn-g-CsNy: 1.0 g/L, g-C3N4: 1.0 g/L, Mn,05: 0.154 g/L; Cos: 2.0 mg/L; 200

mL 50mg/L SMZ; initial pH 5.3; reaction temperature: 18°C)

4.3.3. AR SR HEALTE I

4.3.3.1. HEHEEEN SMZ REE KM

T 2 A R AR R [ A IIRON, S8 HR i 77 - 4+
R JEE AN S T 5 ] e A R 8530 HR ) 43 BICTR T8, 38 2 5 ) = A D) ) A S5
o B, BATERFELE T AR AR SMZ EBRFBERIF . HE 4-11
A LA HEAE SR P N 125 rpm N2 750 rpm (K1 FE A, SMZ (125 B 33EH T+
o O I FE I B 4 I B PR SRR AL S S BRI R R A0 B2 H i e
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SRR 53 T (E A TR 2 THT P R PR 15T o DRI, 8 st o 52 BB IR T, 9
Mn-g-C;Ny AT R TS PEAL S 57K SMZ AT Os (3 fil S5 Rtk L%, B n R
SR, T SRAT R i) SMZ R EAL LR . 10 SR RS2 750 rpm
THEZ 1000 rpm [, SMZ [ EBRRIEARCREFAAL, 15 W] iRk R3] — €
(I, AL BT AN 2 S B R BREAP BR I P S5 3o 22 AR 77 2 THT R A 27 S
R, DR S N AS R S T BB AN BE RIS SMZ I AR 2K
o Pk, RS R Y ¥ E Y 750 rpm.

10F ¢ —0— 125 rpm

—A— 250 rpm

0.8+ —»— 500 rpm

—m— 750 rpm

06 L —0— 1000 rpm

Q\)O

O 04f
0.2
0.0 |

0 20 40 60

Time (min)

B 4-11 ARG SMZ S A S R BRI
Fig. 4-11. Effect of agitation speed on the degradation efficiency of SMZ through adsorption and
catalytic ozonation (Cpz: 2.0 mg/L; Mn-g-C3N4: 1.0 g/L; 200 mL 50mg/L SMZ; initial pH 5.3;

reaction temperature: 18°C)

4.3.3.2. EUFIHEN SMZ REEALKE

4-12 A Mn-g-CsNg HEAL TN EL T SMZ 1195 BRI 4 52 480 S840 B A
B BT Mn-g-CNy AL FILL R TAELN, X SMZ (W FHRE g AN ag, i DA
BB BE SMZ (125 B3 50 B Min-g-C3 N AT FH B O 388 o ol & 394G, AR A4
bR E M 0.25 g/L 3N% 0.5, 1.0, 1.5 F12.0 g/L fid e, WM B SMZ
2B O 0.4% 3 K S 0.5, 0.7, 1.1 1 1.2%. FEMELETEL, ki)
FHE M 0.25 g/L BEINZE 1.0 g/L B, REX SMZ [ R AR IZHHR = . BT 2 MM

122



9 4 T Mn-g-CsNy/T5 Rk 2 6 R ME R il 2 S AL iE PR 7T

AT SN — IR AEAE AR IR R I, A — 2 Ve A SN AL R B, RE A B i fs
AP 2 S PEAL A, M BE AL AR SRR S O AL G P (B 4R L0
INEAL IR, Mn-g-C3Ng AL AT SMZ 12 BRI i AR /I

1.0 —m—0.00 g/L

—0—0.25g/L

—3—1.00 g/L

—%—1,50 g/L

06} —»—2.00 g/L

QO

O 04Ff
0.2
0.0

0 20 40 60

Time (min)

B 4-12 (LTI SMZ B A Ak 25 R 3R (R
Fig. 4-12. Effect of catalyst dosage on the degradation efficiency of SMZ through adsorption and

catalytic ozonation (Cps: 2.0 mg/L; 200 mL 50mg/L SMZ; initial pH 5.3; reaction temperature:

18°C)

<
E L
= 51
E a oo 1
? s
(=] .
< 4t R
g i
g 3 /'/
s 7
i g
s
w F
8
2 T
© L
E 0 1 L 1 L 1 L 1 L 1
= 0.0 0.5 1.0 15 2.0

Catalyst dosage (g/L)

B 4-13 HJ4R SNDE R SRR R R R
Fig. 4-13. Evolution of the initial rate of SMZ conversion as a function of the catalyst dosage (Cos:
2.0 mg/L; 200 mL 50mg/L SMZ; initial pH 5.3; reaction temperature: 18°C)
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AHIE TR SN AER BOA VR SMZ R I 5 82 N T3] B AR A il 2 AT e 1 [m]
s SR SN IRTA6 SRR AR CRALDY mM/min),  HIE] 4-13 7] LA HY b
(IR U6 Jse 23 =R i A 7 P B R8I0 S 2R M M, (B (A 770 e — e (i
(1.0 g/L), Ik RO A FEALRREAAL o 3 PRy 24 2 v [ 42 i A PRIV B TA
BUBE —WRAELIN AR RN £ 121 28 280 L A8 A7) B8 A 2080 o A A - 4k 4524
s F3—Jii, AEAFIEOINE R, KRB ERE AL T2 5 RN R
SRR R it LARSERE AL 71 R ] B T A 2 AT UG S B R 3R sy o (A1
Ja B S Y Min-g-CsNg AT BN R 2 0 1.0 /Lo

4.3.3.3. R REWREX SMZ REEMHIE T

H T RV B B ) 31 2 A R S SO ROR . IR AR 15 B 42 T
R RERIE AN 1.00 2.0. 3.0. 4.0 f15.0 g/L i, SMZ %4k 2: R B ]
MBS RUNE 4-14 A PR, HE R REIREEN 1.0 g/L i, AN 1E
17 60 min 5, SMZ I EBRFN 55.2%. W E SR E KR EIEINE] 2 mg/L 1 3mg/L
I, RNEEHR SMZ [IEFRRIEE R 94.4%H1 99.1%. A WA EuHEK, bEE
S BONE RN, SMZ 2 BREK K (R 2 SUA RN & 4k 2231 Ki, SMZ
PN R NG

5 ANBEEAA F IR [ NI 26 B E S SR BE ARG I (] 4-14 B)HR I
AR, 7R AT B 1.0 /L BANE 4.0 g/L It RE 1A R4
SR REIR A A R EMEIE K, TR ARSE N A 5.0g/L B, B4R RN
R JUFARREAAE o 12 BUTE 2 AR AL SR S, 35 el i 2 ot B4R
BLAREA N S i A e ik B e B A IR A R N SR RV E R 5 50, 2 SLAUiE
SORBERE N, BRI IR RIRALTE 2 1 R TR s PR B AR T K T R
POk oR, — 75T RAAVA R A PR, 53— 7 R B & o AL o i 7 AR K
AR S B R AR B KM, A I SE AN B R O W BE I 1
MAEA .

T AR AN ) S SR BRI, S B ot BRI I O, FRATTE X
T RENHZE U

U — rOVSMZ (ﬁ 4_4)

Co3Vos
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A U N REHF 2 (mmolsmz/mgos); 1o AHIUG SR A (mMm,/min); - Vswiz
KRR, T S 200 mL SMZ #8: Cos NHESUTT O3 W FE(mg/L):
Vo3 NHFSIE, S IIER 0.2 Limine HHULAT L, AR4E 4-4 ATLLTHELH
R SEATSR I B 2B AL EE R SMZ T #E O3 I &

(A)

0.8 |

0.6 |-

c/C,

0.4}

0.0

Time (min)

=

-3
[e)] oo
T T
=

initial reaction rate (x10™ mM/min)
N

N
T

1 2 3 4 5
O3 concentration in influent gas (mg/L)

o

B 4-14. AN[F) SR EE T Mn-g-CsN, AL LA AAL 5 KR SMZ 5 DL(A) S ATHR S 1 4 45 ik
TREIR LRI K A (B)

Fig. 4-14. Effect of the ozone concentration in influent gas phase on the degradation efficiency of
SMZ (A) and the initial reaction rate (B) (Mn-g-C;Ny4: 1.0 g/L; 200 mL 50mg/L. SMZ; initial pH

5.3; reaction temperature: 18°C)
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M 4-15 tPa] RAE Y, R EIREELE 1-3mg/L I, RN AR FRAE 2.1
molswz/goso ARES R IR EE R S N, SR 3T R B XA RN EAR
[l S 00 26 A, STV h 4 BB IR — B 1, ik R R SRR B
O I, 1B () B SUARE RSk A K 5 SMZ #35 il Jsg JS A8 85 T 5 7 S T 1k N 23 < o,
SEELE R T M. L5675 R LR 2R AR 2, e b R4
(R E N 2.0 mg/Ls

3.0

25}

15F

3

Utilization of O3 (x10™ mmolsmz / mgos)

10

0.0 1 1 1 1 1
1 2 3 4 5

O3 concentration in gas phase (mg/L)

B 4-15 R HZR SR ERERR R
Fig. 4-15. The utilization of ozone under different ozone concentration (Mn-g-CsNy: 1.0 g/L; 200

mL 50mg/L SMZ; initial pH 5.3; reaction temperature: 18°C)

4.3.3.4. IR SMZ KLV FEXT FEARZR I 5 1)

AWFCIREFEEE T SMZ WIUEWEE 5 708 25+ 50~ 100+ 150 #1200 mg/L B,
Mn-g-C3Ny AR S AL SMZ (155, B 4-16 A Jyid it HPLC Al 24 [FI4 46
WL ) SMZ AT S B Ik i ik P B e 1) (1) 28 Ak A 0o B 4-16 B AT REfF) SMZ
bR, ME B R LA H SMZ 1) 5 BR 2B 5 W AR FE T i PR .

EHTHIRREAR, BNEBRFBIATLLEL FEANRE 4 8 - ) ah vk B2 X
S NTE R AN . AUERATU T AR SMZ W06 IR P S SR 225068 L fr) {4k 5L 4R
EAAIIE R SDE S, 45 R ANE 4-10 Fzs. AT WATGE S NE 2B SMZ A6V B (1
W X 2 AR AR R, N R ] DU SR
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(A)
200 —m— 25 ppm
—0®— 50 ppm
—A— 100 ppm
€ 150 | —>»— 150 ppm
s —*%— 200 ppm
2
c
S 100 F
]
<
8
c 50
o}
ok
L 1 L 1 L 1 L
40 60 80
Time (min)
(B)
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B 4-16 Mn-g-C3N, {4k S AL B SMZ ik BE Bl B[R] (AR A0 D0 { A} 2% B i 26(B).
Fig. 4-16. The degradation of SMZ with different initial concentration (A) and corresponding
removal efficiency (B) (Mn-g-C;Ny: 1.0 g/L; O5: 2.0 mg/L; 200 mL SMZ; initial pH 5.3; reaction

temperature: 18°C)

Tops = kobs[03]a[CSMZ]ﬂ (:T:t 4'5)

HAT, rops JR NV HZE(MmM/min);  kops NRMIEZF T [0 NI REAWK
FE(mg/L); [Com ] NI ZIVETR T SMZ WK E . EALFINE. REFES%
A BIE ERE LT, N T HIE SMZ KBRS N KT B, ASHF 75 R MEAL )2
NAFEHIURHE Co FIXT N IR UG S B 2R 1o BEAT AELR PPN G, 45 Rl 4-17 A
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N WIERIRNEF S SMZ YIMHIKIE 2 A7 AER BRI 26 M 5¢ R (R*=0.9951), W

PHON 0.46. RY] Mn-g-CsNg ZHIEA R R T SMZ IR R ERR —ERE
5 AR T SMZ IR EEHIFZ .

K 4-10 A1 SMZ HRE T Mn-g-C3N, AL S A AL IR R 0746 S i 4

Table 4-10 Initial reaction rates by using different initial SMZ concentration.

Conc. of SMZ after 30 min Conc. of SMZ after 30 min
Initial rate (x 10° mM/min)

adsorption (mg/L) adsorption (mM)
24.46 0.0966 3.127
49.65 0.1960 4.432
98.91 0.3905 5.704
149.41 0.5899 7.388
199.85 0.7891 8.240

gl rx10°=9.183x[C " -

— R? = 0.9951 2

c -

E 6F ’, g

el P |

Qo s,

= Ve

[0) Ve

® 4l 7

.‘__U 7

< o
2 M 1 M 1 M 1 M 1
0.0 0.2 0.4 0.6 0.8

Concentration of SMZ (mM)

B 4-17 SMZ WUAIKEE 5K W06 S N3 3 ) 9% 5

Fig. 4-17 Correlation between the SMZ concentration and initial reaction rate

4.3.4. TSYETETERRAN Mn-g-C3N, B-&#A6F HIRAE

b N SR A RERWIE R — R, SR EARIER I SMZ RREE, W]
L3R SMZ HIERRA . Oy 1 AEMEALTRI IR 5 e 1 AR i BURTIE B R FLAG ), Tk
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BT A TG 2 53 FH S ARG IS PEAL S8 H ), AT E I Mn-g-CNy {4k
AT LR TR ECR B SMZ W 8 77 58 5 Ve i PR Ak iAok SEa
RUEAE AT LI, 22 QAL = FRFIK . 15VeiE IR & g 0 77 %
4 Mn-g-CsNy AR 8 V5 Ve id PR b, il % oAb v v B s 1 525 2 A AL
o Pl % A3 BOHEAL R W 4-18 P, il 2% BT A B TS U8 I L R (sewage
sludge-based activated carbon, SBAC) 251 [ 1, FHMIL7EH. 5 SBAC
AHEE, 7%k Mn-g-C3Ny 2 Ja 1= A A 71 B EURE 2K

Sewage sludge SBAC Mn-g-C3Ns-SBAC

Bl 4-18 T50e. 15 RIS MEmAT Mn-g-CsNy 515U if MEm i 5 & AL 7 R
Fig. 4-18. Photos of dry sewage sludge, sludge-based activated carbon and the Mn-g-C;N, and

SBAC composite catalysts.

N T IE Y T A% Mn-g-CsNy FUERT G, 15 e il M B A R MR 3 A2 4
AHIF TG PRI BN Mn-g-C3Ny 515 IR Bk 10 82 A AR TR s 0.
4-19 BT B B8R SR 7 AR Ak 7R 20000 135 W08 B IR TH ST . SBAC 13
T3 A1 5 EH DU 420 B A B A T T BSCPRDRELRS . ASRUIRSTRL, 175 55 Min-g-C3Ny fiEAL 71
&2, HTASEMEMREZERAEEH, SBAC FRHALMS T T,

M C+ N. Mn [#) EDX mapping 73 #1458 1] LU H Mn-g-CsNg #0571 3T
SBAC L2 )5, BEAMAFIEEP C. Ny Mn & EZHE 5 THMA& SBAC T
RTCHR M & & . H Mn mapping H15% R/ B 5, R W] Mn-g-CsNg AL 21
SJ T SBAC #ifAZKm .
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Elattron Imane 1

Mn mapping . “Mn mapping

'.'n Kal i bl
& 4-19 75735 PR (SBAC)FI Mn-g-CsNy/SBAC & & 4L 1) SEM K& EDX mapping &
Fig. 4-19. SEM images and EDX mapping of C, N and Mn elements for SBAC and

Mn-g-C;N4/SBAC composite catalysts.
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N T HE OIS = R RAEE 15 RIS R E RIS OL T, AR5 =2 TR
TR Mn 328 A S BAL TR, AHEFER 2 A ARG e S AR AR 217 XRD
SHT. SR UIEl 4-20 Fis. £ SBAC ] XRD % B r] U RIAL T~ 26=26.4°
A 44.4° MHEAFER AN VT8 T J0 € BB M SE A0 T 0, HBAME 20=20.9°, 26.6°.
35.5° Fl 54.9° S AL IBAFAE B R 1 Si0, Sn AT UE(CPDS 46-1045). ULPHE ISR
LB R Mm SR E, RADE SO, KRB T SBAC . f£
Mn-g-CsNo/SBAC EAMEAAH, BT L LM R IATH e 4b, 18 20=27°
Bt HR B T A SR AR AR (0 O 1) SR T AT 06 o pH bt ] AHE T 2 R i A = 5
IR A IR E A G2 A Mn-g-C3Ny FITE R AZAE T 84k SBAC .

1. Micrographilic
2. Quarz - SiO2
3. Graphitic Carbon Nitride

Intensity (a.u.)

10 20 30 40 50 60 70
2 0 (deg)

B 4-20 V5 eiE MERR(SBAC)FI Mn-g-C3N,/SBAC & A4k 51 XRD 1

Fig. 4-20. XRD patterns of SBAC and Mn-g-C;N4/SBAC composite catalysts.

Mn-g-C3sNy 13k T SBAC #i R 1 i , XL 11 B B 1 AR v] LLE it
FTIR 2k b WRiid i hr 8RR EEEATHIM . I 421 ATLVE I, X T BB
FTf3 (F75 8% SC [ FTIR W B, 7EKT 800 em™ {3t Py 47 4F 2 AN & Bk R
RS TEHLER AR BRI 1050 em " A 5 17 K AR SO X 97 T+ Si-0-Si B Si-O-C
i 4EtRsh, M SC HEHREZTEEDFT. 1500-1900 cm™ Ju Bl Py H L5 1
C=0 5 C=C SAFIEM IS I, RBATSIRBRFR TG A > & A U 5 05 & )
JRAFLE. 3450 cm™ BHUEEC S8 (MR I A8+ O-H I 4R, i SC
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2 W R Y 1 2D B K 43 BT 1 AR 0 T A 2 v A R Ak R (Y R 9
SBAC (] FTIR #¥%Kl5 SC AHLLEL, RIAT A . KT 800 cm™ [X [ Py [ MR i e ik
AR, VLBARIR A TN EE R 5. FIRAE 1400 em™ A1 2930 cm™ Pz HiEK
C-OH FI C-H S 4 HRZ RS I, 32 B R AL BEA45 SBAC RIER M T Re 141 2.
Wi, MHXEEE GEHIAEN g-CaNy [ Tk SR LS A fr S A ™Y

| Mn-g-C3Ns-SBAC

Intensity (a.u.)

SC

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)
B 4-21 VSR ER(SC), T5URIE R (SBAC) A Mn-g-CsNy/SBAC E &AL FTIR

Fig. 4-21. FTIR patterns of SC, SBAC and Mn-g-C;N4,/SBAC composite catalysts.

R 411 {5 L ILE ST FTIR SRE K

Table 4-11. The IR absorption bands of sewage sludge-based carbon derived catalysts

Wavenumber (cm™) Functional group
<800 Inorganic components

1045-1084 Si-O-Si and Si-O-C stretching
1350-1460 C-OH stretching
1240-1650 C-N stretching
1500-1900 C=0 and C=C stretching
2830-2980 C-H stretching
3400-3450 O-H stretching
3100-3500 N-H stretching
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M7E SBAC K I 5148 Mn-g-C3Ny 2 J& , C-H X o7 (14 W g e HH S0 55 031 2K 1)
WG, ArRee T =R ARG R TR NH; 5 SBAC K KBRIEE
REFIR AL, F30 SBAC RIMMRTEIRET . FRILZAE, 1E 1566 cm™ PRI H LIS
J& T A SRR AR C-N B R R b, [ 3100-3500 em [X: 8] frt i i e
W35, RUIGBE R N-H S EAAPEIN. FTIR K70 45 R — sk
Mn-g-C3Ny 5% T SBAC .

4.3.5. Mn-g-C;N,/SBAC B & BALFMEALIFETET &

N T E B A AT Mn-g-CaNy (e 708, A& 17— RIIA
Mn-g-C;Ny & B R AT, HIAYHEALEE R U 4-12 Pror:

F 4-12 A[F Mn-g-C3Ny 73 & 1) 2 S A 050 W EEAL 2 1 I

Table 4-12. Physicochemical properties of SBAC and Mn-g-C;N,/SBAC composite catalysts.

Theoretical content of Yield Mn SBET
Sample pHpzc
Mn-g-C3Nj (Wt.%) (%) (Wt.%) (m*/g)

SBAC 0 84.9 - 480.4 4.5
Mn-g-C5N4/SBAC, 10 76.1 1.3 450.6 6.4
Mn-g-C3N4/SBAC, 20 69.2 2.5 3594 6.6
Mn-g-C5N4/SBAC; 30 65.6 3.7 283.7 6.8
Mn-g-C3N4/SBAC, 40 59.7 5.1 120.8 7.2

M 4-12 ATLLFE HBEHE Mn-g-C3Ny s 9350, AT ELR AR IZ 8 T~
B, TRF Gl BT 5 FREAL A% SMZ TR BeRe 10 AR R ZE00 . TE 2 AR
B NEH, TR B R 70 ZE VBRI AL TR, O T EERCEATRIREA s, T DA
F Langmuir-Hinshelwood (L-H) AL A TR SRAGHE AL AR R 1 s 37 3 2
),

dC K,C
_ = s :EE 4‘6
dt 1+K,C ( )
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1/ro (L min/mmol)
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P TR i 2 R r_r 1
L-H B2k P TR A - k+M%C

@ 47

X, AT AR E R (mol L' min™),  k AEMR S ZE (mol L' min™), C
VG YR FE(mol L), Kags N5 Langmuir W RS A 5 19 H (L mol ™).

KA AR EE SMZ W, FR AR S, @A RS, THA
AL SE, BRI TR RSER O B % 4 SESG A1) 1/Co A1 Uno 1L, HR AL T A5
FLAHIRE AR A SRAF k A Kagso AHTFEAL] 200 mL RV E 73711049 504 75+
100, 150 1200 mg/L ) SMZ ¥, fEMREWFIBINE R 0.5 g/L, AWK
2.0 mg/L, ik 0.2 L/min [IS256 2525 T 5T 5 B A0 77 1 5 B A B AL PR BE 3R AT 5 5%,
A L-H B8 SRR AT IS, AR WA 4-22 fos. 5 AMRBARM L-H
WA BLMAH R REI KT 0.98, R S MEATIMEN S EA PR SMZ 11)%
WEAGEIE L-H RN ¥R BRI B, TEME AR R 1 S A Re ik
AR TG AL A B SMZ, SIS HEALFT R SMZ B FEAFAE I UAa 25F
HTHPIRAS .

(B)
4000 - 1/ro = 29.669 x (1/Co) + 641.127 800  1/ro=20.290 x (1/Co) + 252.325
R’ =0.9969 R’=0.9923
k = 1.56 x 10° mM/min k = 3.96 x 10° mM/min
% 3000 |- Kabs = 21.61 L/mmol % Kabs = 12.44 L/mmol
g 600 |
s
2000 €
2
£ 400t
1000
>
0 1 1 1 1 1 1 200 1 1
0 25 50 75 100 125 0 10 20 30
1/Co (L/mmol) 1/Co (L/mmol)
(C) 500 (D)
1/ro = 20.536 x (1/Co) + 139.416 500 - 1/ro=30.399 x (1/Co) + 110.461
R’=0.9974 R’=0.9983
400} k=1.56 x 10° mM/min — a0l k=905 10° mM/min
Kabs = 21.61 L/mmol E I Kabs =3.63 L/mmol
£
c
300 ‘€ 300F
2
=
200 - 200 -
1 1 1 100 1 1
0 5 10 15 0 5 10 15
1/Co (L/mmol) 1/Co (L/mmol)
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240
(E) (F) 0.012 25
1/r0=19.114 x (1/Co) + 103.192
R?=0.9817 20
200}  k=9.69 x 10° mM/min 0.008 |
Kabs = 5.39 L/mmol = 15
E
S
160 L E 0004} 10
X
45
0.000 }
120} * . . . . . 0
1 6%P 5%?‘0 5%?‘0 g,%P‘G
0 2 4 6 8 oV o AN\
N N

1/Co (L/mmol)

B 4-22 4 HAFIEL SMZ EALH L-H BALA 45 R
Fig. 4-22. Kinetic parameters calculated according to the Langmuir—Hinshelwood kinetic model
by using different catalysts: SBAC (A); Mn-g-CsN4/SBAC, (B); Mn-g-CsN4/SBAC, (C);
Mn-g-C3N4/SBAC; (D); Mn-g-C3N4/SBAC, (E). k and K, for different catalysts (F) (Catalyst:

0.5 g/L, Co3: 2.0 mg/L; reaction temperature: 18°C)

M 4-22 F ora] UG H S MR Kaps BE Mn-g-C3Ny G & R385 I 1T 96k
/N, ATRESE T Mn-g-C3Ny 75 SBAC #1671 30 T BUBE AL I LR A B,
MIAE S S AT SMZ (B RE 098N o T Kk AE—E Y A U 5 Mn-g-C3N,
AR ERIE LK, EYAEERT 30%2 )5, k HETEe. BR8N
Mn-g-C3Ny [ 5805, B8 AR RIL O TE 2 iR VEAL 5T, HJ2 T SBAC
MIRTAA R, 4 Mn-g-C3Ny i 5 7 R 52 FLAE (b A0 70030k o 1 2 B, 3
JA ROE AL R B o TR Kaps IR, 453 B0 A R TR S ¥ SMZ IREET
B, AR 2N 4-5 T DUHEWT R (6 A0 7K SR B0 AR A e AL TS P . 255 5 IR AR
HIHEAG T PEAN B Mn-g-C3Ny BT E, 1 HL Mn-g-C3Ny/SBAC; #E47 J& £
o

N T E TS YR IS MERRE Y Mn-g-C3Ny/SBAC E &AL FIEAA, AL ST
(ORI T AR, A FTX Min-g-C3Ny AR 2R L-H BTG, %
AR R AT &Y 0.17 g/L, BB 0.5 g/L Mn-g-C3Ny/SBAC; B 5L
SRR BATFIFR Mn 8. B 423 [RLAZE R AT/, Fl Mn-g-C3Ny (1)
SRR H N 5.74x10° mM/min. 17 2835 Y 3P RR SR S 0 2 A AR,
S N BRI A 9.05%10° mM/min, EALIETEIRE T 1.6 1.

=
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700
1/r0 = 92.305 x (1/Co) + 174.140
600 L R*=0.9801 >
k =5.74 x 10> mM/min
3 Kabs = 1.88 L/mmol ¢
£ 500
£
£
£
o 400F
300 F
200 1 M 1 M 1 M 1 M 1

1 2 3 4 5 I 6
1/Co (L/mmol)

B 4-23 Mn-g-C3N, fil 4t SMZ 44011 L-H SR04 45 R
Fig. 4-23. Kinetic parameters calculated according to the Langmuir—Hinshelwood kinetic model

by using Mn-g-C3Ny catalyst (Catalyst: 0.17 g/L, Cos: 2.0 mg/L; reaction temperature: 18°C)

7724 Adsorption
89T =3 Oxidation
S
< \
(@]
©
5 40
g
(0]
T
>
o
§ 20}
N
=
(7p]
0 .
c it Composite
03 Mn-g-CaN4 SBAC ~OMPOSI€  catalyst

catalyst TBA

Bl 4-24 AFIZEMET SMZ H)EFRE
Fig. 4-24. SMZ removal efficiency by adsorption and ozonation under different conditions
(Mn-g-C5Ny4: 0.17 g/L; SBAC: 0.33 g/L; Mn-g-C3;N4/SBAC: 0.5 g/L; Os: 4.0 mg/L; 200 mL 200

mg/L SMZ; initial pH 5.0; reaction temperature: 18°C)

A FIEHE LT 0.5 g/L Mn-g-CsNJ/SBACs & A A7 A1 A AR [7]
Mn & &1 0.17 g/L Mn-g-C3Ny #4071 J2 0.33 /L SBAC A4 A HEAL T I A R AEI
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Bt 30 min KA 60 min J5XT SMZ K EFREE. 4557 a1E 4-24 Fios, SBAC M
Mn-g-C3Ny 74 R AL AL AL R J5 . SMZ L B ARZE 0N 27.5%F1
54.9%, BN K R SMZ BEFRZE 2 A1 82.4%, HItL 2 K, Mn-g-C3N4/SBAC3
AT R A EE R SMZ IEBEAMUE T H A HMARE SMZ
BRARER, T B ECEATRS AR E H 10.2%. UL AT WSR3 e N 2 &tk
FR B ERAAATAE 3G SR A AL T B 288 o T Min-g-C3NW/SBAC & A A 7113 5 e
SRR SBAC BT BAKILRIA, GBI KT O3 F1 SMZ 43 FAEREALTT
I BB, T Min-g-CaNg Fr |2 S DA KoRL 1, BESS AR I T- AL 73R
T 1K) O3 6738 LIV 50 i P i, AT 2 v H i e i) A

TEZ AL L E A A MR OB, BARAE S T ARk 1 H 2
SEAGIX PRI S NALEE . O T A E Mn-g-CsNW/SBAC B A HALTIXT SMZ {1k &R
SRR RHLEEL, AR 78 80N TBA JE A R SMZ LRI IR
Xof [ S MLER HEAT R 2R o AT B (Tert-Butanol, TBA) A SL7 ) [ & K57, &
5-OH () ) B R B mik 4.7x10° MUSTU. SR I N BRUT B RERS AT 2
FHARAR ZR AR R A B 2, RIS 2 X VAR ) B A P R RS, KAk
AHRUT BE P BE /R LR E N SMZ BRI BEI 50 £%, B[] 200 mL 200 mg/L 1
SMZ I 0.5855 ¢ TBA. I TBA J&, & HAFIRALMIA RN SMZ
1 LB IGO0 4-24 Fros. WA TBA J5, Mn-g-C3Ny/SBAC & A 147
R0 SMZ AL RS AL L BR FRIE TN [ (2 TBA BN I 78 4] SMZ
(1) SR AR SR o I ZRVEE TV R 2 1) I 2 54 R 2 A5 FH 7 8 i e A ) R v A
2 AT (MnOX/G A C) R A4 SR 480 S 9 i il 225 248 1) S 36 v 0 R SR I 3
S, A, %R A AE A TS PR T A SR A R I A, R
TBA AR S M B R ) R A AL itk T WL, %4 T Mn-g-C3NW/SBAC &
AT, FEFPTE pH PREL T, AREFIN AR R TR R 2 2R A fk .
o R B2 T Faria 258 A FTHE H 10 S (40 21T

O, + Catal — Catal — O (N 4-8)

R + Catal — Catal — R H 4-9)

Catal — R+ Catal — O — P X 4-10)
=X 4-8 F1 4-9 P, SLAARANA R 075 G IR I W B T AR I, B4R
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oA R LG B PEE B R N R 6 E AR Catal-O. [RIRHE WU (175 G th A
AT R A E PR B2 5 WAL S A . AR, BAARE TR
Catal-R K5 B A EACIERT Catal-O B B N, AERFEME ) Po P EE NI T
ERUNOUI, S WA RN, AT 4EU A e B 4R S REAT

4.3.6. FEALFIR E MERIBT I

T MR, 2 AR 2 — AN 7 R 5 R R . AR
TR 1 g/L Mn-g-C3Ny/SBAC; E &AL 200 mL #4likKH, LL 0.2 L/min
TUHEIEAKEE A 2.0 mg/L B RSA R, FUALEE 60 min 5, JEK COD fH A
14 mg/L. R MHANEA — 2 mia e,

10

0.8

0.6

c/C,

04+

0.2}
—m— Only O3
00l —@— Leached Mn+ O3

0 20 40 60

Time (min)

B 4-25 JEBAEALTE LD
Fig. 4-25. Catalytic activity of the filtrate (O;: 2.0 mg/L; 200 mL 50 mg/L SMZ; reaction

temperature: 18°C)

X R R 2 A, AR T, &) & T I R
NHEWKI G . T HELMRMNY SMZ & EZEBRERTTE, X B A
Mn-g-C3Ny/SBAC; AT I 48 A A AL B OV CBEAT 1 8, FEDEM T I
SMZ #3oK, HBCil ik 50 mg/L ARG HF e HAEIETE . S5 SRR IINERE
ATMAE LA 4-25). dubn] DASERT B RE T 2 A SMZ AL ERIN
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FEAE, [FR, A ICP-OES AuilliZ R Mn MWK, Krdllgh SRR A
0.65 mg/L Mn # it o

HE A 7 B A2 A 2 P 22 AR AL RS 8 1 ) 8 7%« Min-g-C3NW/SBAC;
HEMNAAZ 045 um FLRIERBOLIE, B0, BT EH#HTELMH. K 42060 4
0.5 g/L ) Mn-g-C3N4/SBAC; B G HEA I 22 A H I AR Hhos SMZ SR80 4
L 2B AT COD FEMRIIRR . 23 30 min IRFRFD 1 h AL N, 555 4 IREE{H
FHIF SMZ (1) 2 B f@#eF COD % BRrFAIIRREIL T 84.6 %Ml 51.9%, 55— XA H]
FHEL, MEAGTEVE TR B RIE R N R . R SR BAT RIFIRIRE T

80
Adsorption = Ozonation
N o Total TOC removal
= 60} = — — —
> =N = B =
c — — - —
S = = =N E
R S = = = —
© — — — —
3 — — . —
£ = = — =
= 20 — — = =
N — — - —
= — — — —
» — — = —
0 = = o] o
1 2 3 4
Run times

B 4-26 Mn-g-C3Ny/SBAC & A A7 B 5| 1B L2
Fig. 4-26. Evolution of the SMZ conversion upon catalytic ozonation of SMZ while recycling the
Mn-g-C3N4/SBAC catalyst (Mn-g-C3N4/SBAC;: 0.5 g/L; Os: 4.0 mg/L; 200 mL 200 mg/L SMZ;

initial pH 5.0; reaction temperature: 18°C)

4.4. g5k

AR DL RN = R E IR & IR AN Mn B3I S E AR, Y
I LR TR, FH A28 A BT 153 175 TR B 5 PE B (SBAC)TE M fiEAL
FIEA, AR5 TREMERS Mn 82450k R & L7 (Mn-g-C3N/SBAC) . i
XRD. FTIR. SEM-DEX. XPS %5FBOtf Hoyli e TS AT R AE, DA i H
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MG (SMZWE R HARTG 4, B o AR AL SR A I AL PR RE . Sa0 45 L3R B

1. FIHAEEEE, Al Mn B8 A S HE K (Mn-g-C3Ny), 1#1d XRD. FTIR.
XPS AR RE 2 AL 72 DL = PR (-CaN3) 45 4 BT IR E IR G5 M4k &40 - Min
LA MinyOs Kb 7 T sRAFTE T g-CaNy #idhh, i T 9Kkl 1 B
AR AR ALY B Mn [F I8 Mn-N BOAZ 8RS o-CoNy BiiRSE & . A B HA
AR L Te AL AR AR, T Min-g-CaNyg 2 B H B s AL 1 . 34
FEHON 750 rpm, SLAERE AR 47108 0.2 L/min A1 2.0 mg/L [ R B Z&A4E T,
5O R EE, NN 1 g/L Mn-g-C3N, ZHIEAL AN 1 h 5, RR
SMZ B 2B M 61.6%TH 5] 95.1% . Mn-g-C3Ny 2 A AL R AR S AL BE R SMZ
(V1S SO 2 HEAERIR T SMZ IR FEIISEm, 16 LR RNV HF T, SMZ IR
S NN 0.46.

2. AT HEE Mn-g-C3Ny K1 SMZ UKL, F [l 28 #VR Gkl #¢ 75 Ve s PEmk 5
Mn-g-C3Ny & &7 (Mn-g-C3N/SBAC). SEM-EDX, XRD F FTIR 434145
REH Mn-g-C3N, TS 1 20T SBAC K ifi. B &AM LR i R
& Mn-g-C3Ny O RGN, HEAGTHI pHeze W2 AR R ARG .
Mn-g-C3Ny iR E N 30%. 5 HAMA Mn &1 Mn-g-C3Ny AHLEL,
515 iE R E &2 05, EAFINERN R PR E ST E 1.6 5. AEA
AT AR R SMZ )R BRE L Mn-g-C3Ny f1 SBAC FiAN LA & v
SMZ 236 2 FIL R 10%. 38 WY5 Y8 BTG VERR A 9 52 4 fhE Ak TR Ak B 3 i
AT . fEAEFRAR PSS SR ] Mn-g-CsNW/SBAC & & AL 2 A 4
TFRIPTEAYE, BRI Mn 8573 th R s i AL e Ve AR e
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RESUME

La gestion des boues de station d’épuration est un probléeme majeur. Dans ce travail, des charbons
préparés a partir de boues de station d’épuration (SC) ont été utilisés comme support de catalyseurs.
Les p erformances d e ces cat alyseurs o nt ét € évaluées d ans t rois r €éactions d’oxydation pourle
traitement d e | ’eau : le pr océdé F enton, 1 ’oxydation e n v oie hum ide ¢ atalytique e t | ozonation
catalytique.

Le catalyseur a base d’oxyde de fer supporté sur ce charbon (FeSC) est tres actif dans le procédé de
type F enton pour 1a dé coloration et la minéralisation de 1’acide orange II (A OII). Les im puretés
inorganiques présentes dans le charbon (cendres), telles que SiO2 et Al2O3, peuvent jouer le rdle de
co-catalyseur.

Le catalyseur FeSC est également trés performant dans 1’oxydation en voie humide catalytique du 2-
chlorophénol a 120°C sous 0,9 M Pa de pression partielle d’oxygeéne. Une décomposition complete
du 2-CP est obtenue au bout de 5h de réaction et la minéralisation atteint 90% apres 24h de réaction.
Cependant, une lixiviation du fer est observée en cours de réaction du fait de la production de HCI et
de petits acides carboxyliques. La lixiviation du fer peut toutefois étre évitée lorsque le pH du mélange
réactionnel est maintenu en dessus de 4,5, sans que les performances catalytiques n’en soient affectées.
Enfin, un catalyseur Mn-g-C3N4 obtenu par modification de nitrure de carbon par des nanoparticules
de manganese a été synthétisé. Pour accroitre la capacité d’adsorption de ce catalyseur et améliorer
ses performances dans 1’ozonation du sulfamethoxazole, ce catalyseur a été supporté sur un charbon
obtenu a partir de boue de station d’épuration. L’activité catalytique de ce catalyseur composite est
1,6 fois supérieure a celle du catalyseur Mn-g-C3N4 non supporté. Ce catalyseur composite présente
par ailleurs une bonne résistance a 1’oxydation et une bonne stabilité, sans qu’aucune lixiviation du
manganese ne soit observée.

SUMMARY

The disposal of sewage sludge has become an issue of particular concern. In this thesis, sewage sludge
derived carbon (SC) was employed as a catalyst support. The catalytic behavior of the prepared SC-
based composite catalysts was investigated in three kinds of typical oxidation reactions, including
heterogeneous Fenton-like oxidation, catalytic wet air oxidation (CWAO) and catalytic ozonation.
Sewage s ludge-derived c arbon supported i ron oxi de ¢ atalyst ( FeSC) showed h igh Fenton-like
performances in the discoloration and mineralization of acid orange II (AOII). Inorganic components
in the SC, such as SiO2 and Al2O3, may present have a co-catalytic effect upon Fenton-like reaction.
FeSC catalyst also performed quite well in the CWAO of 2-CP at 120°C under 0.9 MPa oxygen partial
pressure. C omplete de composition of 2-CP was achieved within Shand 90% TOC removal was
achieved after 24h of reaction. However, iron leaching was observed due to the generation of HC1
and some small chain organic acids. Iron leaching could be efficiently prevented when the pH of the
solution w as maintained at values higher than 4.5, while the catalytic activity was only s lightly
reduced.

Finally, Mn203 nanoparticles modified g-C3N4 (Mn-g-C3N4) was synthesized as a novel ozonation
catalyst. To enlarge the adsorption capacity of the catalyst and i mprove its pe rformances in the
ozonation o f sulfamethoxazole, the Mn-g-C3N4 catalyst w as further s upported ov er t he sewage
sludge-based activated carbon (SBAC). The catalytic activity of the composite catalyst was ca. 1.6
times higher compared to the unsupported Mn-g-C3N4 catalyst. The composite catalyst also exhibited
very good resistance towards oxidation, limited Mn leaching and high stability.
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