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G
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transform
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Biological oxygen demand
Barret-Joyner-Halenda

AC, ACN or ACT materials with deposition of Co nanoparti-
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AC, ACN or ACT materials with deposition of oxidized Co na-
noparticles

Diamond nanoparticles
Hydroxylated diamond nanoparticles
Dissolved organic carbon
Disinfection by-products

Drinking Water Treatment Plant
Energy dispersive X-Ray
Environmental protection agency
Flame ionization detector

Infrared spectroscopy Fourier transform
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Gas chromatography
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HSAG-OH
HSAG-OH-COOH

ICP-OES

IR
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NHE
NOM
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PMS
PXRD
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TCNM
TGA
THM
ToC
TOF
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Haloacetic acid

Haloketone

Haloacetamide

Halonitrile

High performance liquid chromatography
High-surface area graphite

HSAG functionalized with oxygen-functional groups in both
edges and basal plane

HSAG functionalized with hydroxyl groups in the edges

HSAG functionalized with OH and COOH groups in the
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Inductively coupling plasma-optical emission spectrometry
Infrared spectroscopy

Multiwall carbon nanotubes

Normal hydrogen electrode

Natural organic matter

Pyrolyzed diamond nanoparticles

Potassium monopersulfate or potassium peroxymonosulfate
Powder X-ray diffractograms

Reduced graphene oxide

Thermally reduced graphene oxide

Reactive oxygen species

Trichloronitrometane or Chloropicrin

Thermogavimetric analysis

Trihalomethane

Total organic carbon

Turnover frequency

Turnover number



TPD-MS Temperature programmed desorption coupled to a mass-

espectrometer
UWWTP Urban wastewater treatment plant
XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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Chapter 1. Introduction

Chapter 1
Introduction

Access to drinking water and adequate wastewater disposal are now the two
main requisites for the development of advanced societies. The term employed
to refer to all the activities necessary to ensure a sustainable drinking water sup-
ply, sanitation processes and wastewater treatments is called the integral water
cycle."? Important technological advances have recently been achieved in both
drinking water and wastewater treatments to minimize risks to human health and
the environment. As the information on water quality increases stricter water
regulations aimed at protecting the public and the environment are published.
These regulations limit the maximum concentration of undesirable microorgan-
isms and organic or inorganic substances present in water. However, there are
still some important factors related to drinking water and urban wastewaters that
deserve more research. In the area of water treatment, especially in drinking wa-
ter, there is still a compromise to ensure water disinfection while minimizing the
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Chapter 1. Introduction

formation of regulated or unregulated disinfection by-products (DBPs). In the
cases of DWTPs and urban wastewater treatment plants (UWWTP) it is well-
known that conventional treatments cannot efficiently remove certain recalci-
trant organic pollutants with low biodegradability and/or toxicity.3® Implemen-
tation of the so-called advanced oxidation process (AOPs) in conventional water
treatments is one of the most feasible solutions for pollutant degradation. In this
context, the following sections will summarize the state of the art of both drink-
ing water and urban wastewaters with emphasis on pollutant degradation and
the occurrence, formation and control of DBPs in water. Special attention will be
paid to the use of ozone and peroxymonosulfate as oxidants in water treatment,
as they have been used as the basis for the present Thesis.

1.1. Historical overview of drinking water treatments

Water is an essential life resource and since ancient times humans have
settled close to rivers’8, when access to clear and transparent water was associ-
ated with safe and healthy drinking water. Water filtration was for centuries the
main drinking water treatment.®° The increasing population in the cities was the
driving force for the development of more advanced drinking water treatments.
At the beginning of the 20" century slow sand filters were employed as an effi-
cient method of providing clean water. The development of bacteriology at the
end of this century demonstrated that slow sand filters not only remove turbidity
but also pathogenic microorganisms responsible for common diseases such as
cholera, dysentery and typhoid fever. At this time, the increase urban population
together with an increasing demand for drinking water caused the replacement
of slow sand filters by rapid sand filters. The combination of rapid sand filters
with coagulation-flocculation chemical treatments provided increasing amounts
of drinking water of certain quality for human consumption.

At the beginning of the 20" century chemical disinfection was introduced
in drinking water treatment plants (DWTP).'° The first full-scale DWTP using chlo-
rination as disinfectant was in 1908 in Jersey City, New York (EEUU)." In 1914 the
US established the first federal drinking water standard including bacteriological

2



Chapter 1. Introduction

quality. Since then, chlorine disinfection has been commonly employed for de-
activating pathogens and preventing waterborne diseases such as dysentery,
cholera and typhoid, among others. The introduction of chlorine to disinfect wa-
ter resources destined for human consumption is now recognized as one of the
major advances in public health in the 20*" century.8°

Figure 1 shows a generalized flow diagram of a conventional DWTP. Ini-
tially, raw water goes through some grids and then chlorine is added as primary
disinfectant. A coagulation-flocculation treatment follows to remove colloidal
particles, with a subsequent pass through a sand filter. Finally, chlorine is added
as secondary disinfectant. Current DWTPs have modifications aimed to obtain a
water quality that complies with water regulations.’® For example, some have
replaced sand filters by activated carbon filters to remove natural colloidal and
particulate organic matter (NOM) as well as some organic pollutants from the
water. In other cases, primary disinfectants such as Os or ClO2 can be used to
improve water disinfection and reduce the chemical risk associated with the for-
mation of the so-called DBPs. It is now well-established that chlorine added as
disinfectant is not effective in controlling some protozoa present in raw water,
such as Cryptosporidium or Giardia. Also, part of the chlorine added as disinfect-
ant reacts with the NOM present in water and produces undesirable DBPs, some
of which are limited by the regulations to a maximum concentration due to their
risk for human health.
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Figure 1. Simplified block diagram of a drinking water treatment plant.

1.2. Historical overview of wastewater treatments

One of the first urban wastewater management practices to protect hu-
man health and the environment was a land application treatment.'? In contrast
to the recognized importance of having good quality drinking water, the need
for proper urban wastewater management or sanitation for the protection of
human health was not recognized up to the beginning of the 19th century.” The
situation became more important with the development and growth of cities.
Urban wastewater disposal close to the population caused negative health im-
pacts as revealed by the occurrence of numerous epidemics in Europe until the
19th century.”

Some of the first developments in the area of urban wastewater manage-
ment included the construction of collections sewers from the streets to the riv-
ers', which rapidly became polluted. The widespread construction of UWWTPs
started at the beginning of the 20™ century. In 1912 the British government
through its Royal Commission on Sewage Disposal proposed some limitations
to wastewater discharges into aquatic resources. For the first time the maximum
value of the biological oxygen demand (BOD) of an urban wastewater before
discharge was regulated. Since then, wastewater regulations have expanded all

4
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over the world and new technologies for wastewater treatments have been de-
veloped.

Figure 2 shows a generalized flow diagram of a conventional UWWTP.'3
The coarse solids or materials present in the urban wastewater are removed in
the preliminary treatment, after which the settleable organic and inorganic solids
are removed by sedimentation. The secondary treatment uses microorganisms
for the mineralization of organic matter in the wastewater. One of the most pop-
ular secondary treatments employed is the so-called activated sludges, which
combines aeration and biological floc of bacteria and protozoa for the removal
of organic matter. Several water treatments can be implemented as a function of
the requested wastewater effluent. In order to avoid eutrophication and algae
blooms in the receiving waters, nitrogen and phosphorous can be removed. In
some cases, membrane treatments or membrane bioreactors can be applied to
produce high quality wastewater effluents. Urban wastewater disinfection is a
common practice implemented as tertiary treatment designed to reduce the
spread of diseases. One of the main problems associated with the use of chem-
ical disinfectants such as chlorine, ozone, chlorine dioxide or chloramines is the
formation of the so-called DBPs.

Recirculation
:

Water Mechanical ‘ Biological Secondary
T — treatment sedimentation treatment sedimentation

Sludge thickening m

and disposal

Disinfection Efluent

Figure 2. Simplified block diagram of a modern general urban waste water treat-
ment.
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1.3. Disinfection by-products in waters

1.3.1. Occurrence, human health and environmental implications of DBPs in
water

One of the major drawbacks associated with the use of disinfectants (i.e.
chlorine, ozone or chlorine dioxide) during water treatments is the formation of
undesirable DBPs'#>, which are generated due to the reaction of the disinfectant
with the organic or inorganic compounds present in water.”® In 1974 Rook'® and
Bellar'” first reported the presence of trihalomethanes (THMs) in drinking water
disinfected with chlorine. Table 1 shows the chemical structures of the THMs
commonly found in chlorinated drinking water. The presence of bromide atoms
is due to the reaction of chlorine added to water with natural occurring bromides,
causing the production of bromine aqueous species.

Table 1. Chemical formulae and names of THMs commonly found in chlorinated
drinking waters.

CHCl3 CHBr3 CHBrCl2 CHCIBr2
Chloroform Bromoform Dichlorobromo Dibromochloro
methane methane

More than 800 DBPs have been reported due to the interaction of disin-
fectants such as chlorine, ozone, chlorine dioxide or chloramines among others
with the NOM present in water.™ ™8 The total amount of halogenated DPBs is
mainly constituted by organic compounds with chlorine and bromine atoms. It
should be noted that iodinated-DBPs have also been found in waters that con-
tain certain levels of iodide ions. Organic DBPs are frequently classified as C-DBPs
or N-DBPs when referring to carbon or nitrogen containing DBPs, respectively.’
In addition to THMs, common halogenated C-DBPs include haloacetic acids
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Chapter 1. Introduction

(HAAs), namely monochloroacetic acid (MCA), dicholoroacetic acid (DCA), tri-
chloroacetic acids (TCA), monobromoacetic acid (MBA) dibromoacetic acid
(DBA), tribromoacetic acid (TBA), bromochloroacetic acid (BCA) and dibromo-
chloroacetic acid (DBCA) and dichlorobromoacetic acid (BDCA) (Table 2). The
maximum concentration of THMs and HAAs present in drinking water are fre-
quently regulated in developed countries (Section 4.3)." Other halogenated C-
DBPs found in drinking water disinfected with chlorine are haloketones, with con-
centrations between 1.23-8.6 pug/L. The most commonly found haloketones are
1,1,1-trichloropropanone and 1,1-dichloropropanone. Trichloroacetaldehyde or
chloral hydrate and dichloroacetaldehyde are the common DBP aldehydes. Other
miscellaneous non-halogenated DBPs including ketones, and carboxylic acids
have been also reported in the literature.

Table 2. Chemical formulae and names of HAAs frequently found in chlorinated
drinking water.

CH2CICOOH CHCI>.COOH ClsCCOOH
Monochloroacetic acid Dichloroacetic acid Trichloroacetic acid
CH2BrCOOH CHBr.COOH BrsCCOOH
Bromoacetic acid Dibromoacetic acid Tribromoacetic acid
CHCIBrCOCH BrCl.CCOOH CIBr.CCOOH
Bromochloroacetic acid Dichlorobromoacetic acid Dibromochloroacetic acid

The common N-DBPs include cyanides, halonitromethanes, haloacetoni-
triles, haloacetamides and N-nitrosamines (i.e. N-nitrosodimethylamine) (Table
3).141520 Cyanogen chloride is the only cyanide compounds found in finished
drinking water, typically at concentrations below 10 pg/L. Up to now nine haloni-
tromethanes have been reported in chlorinated drinking water, while trichloroni-
tromethane or chloropicrin is the most common at concentrations below 1.50
Hg/L. Haloacetonitiriles are frequently found in drinking water at concentrations
from 0.6 to 24 pg/L, with dichloroacetronitrile being the most commonly re-
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ported. The common haloacetamides found in drinking water include dibromo-
acetamide, dichloroacetamide and trichloroacetamide, and the total HAMs con-
centration frequently found in drinking water ranges between 1.50 to 7 pug/L. The
most commonly found N-nitrosamine is N-nitrosodimethylamine, at concentra-
tions below 0.1 ng/L.

Table 3. Chemical formulae and names of some N-DBPs.

CNCI X3CCN CI3CNO2

Cyanogen chloride Halonitriles Chloropicrin

(X=Halogens)

CIsCCONH:2 (CH3)2NNO

Trichloroacetamide N-nitrosodimethylamine

Regardless of the large number of identified DBPs in common fresh water
treated by a conventional treatment using chlorine as disinfectant, the total
amount of unknown halogenated DBPs can still be as high as 62.6 %.2! Typically,
THMs represent the major fraction of known halogenated DBPs (20.1 %), fol-
lowed by HAAs (CAA, DCAA, TCAA, MBAA and DBAA; 10 %), BCAA (2.81 %), halo-
acetonitriles (2 %), trichloroacetaldehyde (1.5 %) and cyanogen chloride (1 %).
bromates and chlorite/chlorate are common inorganic DBPs found in water
treated with ozone or chlorine dioxide as disinfectants and/or oxidants, respec-
tively.

Since the detection of THMs in chlorinated waters, extensive research has
been carried out to determine the potential risk of DPB ingestion on human
health.?2%* To a lesser extent, some studies have reported that medium-long
term exposure to DBPs such as THMs by skin contact and inhalation can have
adverse effects on human health.?>-*® Epidemiologic studies have found relation-
ships between the continuous ingestion of chlorinated water containing DBPs

8



Chapter 1. Introduction

and an increased of risk of cancer, especially bladder or colorectal cancer. Other
studies have reported the possible negative effects of ingesting water containing
chlorinated DPBs on reproduction, such as congenital anomalies and fetal devel-
opment.3! In general, brominated-DBPs, especially iodinated-DBPs, have more
adverse effects on human health than chlorinated-DBPs.32-3 Similarly, some N-
DBPs such as haloacetonitriles have been reported to be more than one order of
magnitude more cyto- or genotoxic than regulated C-DBPs such as THMs and
HAAs.3>36

The formation of DBPs in disinfected wastewater also has important im-
plications for human health as well as for the environment. 1922 Wastewater ef-
fluents are sometimes directly discharged into rivers that serve as raw water for
a downstream DWTP. Some studies have reported that chlorinated wastewater
effluents are toxic and may harm the biota present in the receiving water re-
sources®’, so that minimizing DBP formation in WWTPs will have important ben-
efits for both human health and natural aquatic resources.??

As already commented, the use of ozone or chlorine dioxide for water
treatments also generates undesirable inorganic DBPs, e.g., the ozonation of raw
water containing bromides generates undesirable bromates that are classified as
human carcinogens. The use of chlorine dioxide in drinking water treatment re-
sults in the formation of chlorite, and chlorite anions can have negative effects
on human health including nervous system toxicity, anemia, thyroid issues or
reduced hemoglobin production, among others.

1.3.2. Precursors of DBPs

With regard to DBP formation the characterization of organic matter pre-
sent in water that reacts with the disinfectants/oxidants added to water has been
an important research area.?®3 In particular, intensive research has been con-
ducted on the characterization of NOM present in aquatic resources.>**° NOM
refers to the complex mixture of organic compounds present in water derived
from living plant and animal materials.3**' In general, NOM is not harmful to
human health, although it can act as adsorbent of toxic organic compounds or a
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binder of toxic metals. The most common parameters employed to measure the
NOM concentration are total organic carbon (TOC) or dissolved organic carbon
(DOC). DOC is defined as the fraction of organic carbon not retained by a 0.45
um filter, while the retained fraction consists of particulate organic carbon (POC).
TOC values found in natural fresh water can range between 1-6 mg/I, although
higher concentrations can also be found. Fresh water typically contains a DOC
fraction of more than 90 % and for this reason their constituents have been
largely studied as precursors to DBPs. Some studies have focused on the char-
acterization of the POC present in water. Figure 3 summarizes some physical
properties of the main POC and DOC constituents present in natural aquatic re-

sources.
- MW (Da) 100 107 108 105 10t 10° 12 1o }
Zooplankton Humic ! §
acids
Phytoplankto <
ytoplankton Fulvic Carbghydrates
) Tannins
Bacteria acids Lignin
Hydrocarbons
Viruses | Fatty acids
e Coloidal .~ Amino acids
‘ Particulate N Dissolved
’(Pm) 100 10 1 0.1 0.1 0001  0.0001

Figure 3. Organic matter size and mass distribution of some organisms and
chemical molecules in aquatic systems. Adapted with permission from ref 42
(Bolto, B. A. Soluble polymers in water purification. Progress in Polymer Science.
1995, 20, 987-1041).
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A common classification of the NOM present in water distinguishes be-
tween those organic compounds with distinct chemical formulae forming dis-
crete compounds (non-humic substances) from organic compounds with a par-
tially unknown chemical structure (humic substances).>¥4° Non-humic organic
compounds present in fresh water include carbohydrates, lignin and tannins as
major components together with lipids, proteins and peptides as well as other
small molecules such as amino acids, aromatic acids and phenols, and carboxylic
acids, among others.3° Humic substances are generally defined as supramolecu-
lar aggregates with a yellow to brown color and are commonly classified as a
function of their solubility in water and molecular weight.*® Fulvic acids are the
fraction of humic substances soluble in water at any pH with molecular weights
between 1,000 and 10,000 Da. Figure 4 shows a general model structure of fulvic
acids characterized by aromatic subunits together with carbohydrate and
diketonic moieties. Humic acids are insoluble in water at acid pH, with a molec-
ular weight ranging from 10,000 to 100,000 Da. Humins are insoluble in water
and have molecular weights ranging from 100,000 to 10,000,000 Da. It has been
generally accepted for years that humic substances can represent a large fraction
(40 to 80 %) of dissolved organic matter. In contrast, few studies have reported
low contents of humic substances in natural surface waters. In 2008, Navalon et
al. reported that the fraction of humic substances in the Turia river (Valencia,
Spain) represents less than 4 % of the organic matter.** Carbohydrates of rela-
tively low molecular weight (< 2,000 Da) were found to be the main components
in this river, accompanied by other compounds such as lipids and oligopeptides.
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presence of Cl(-) and Br(-) on trihalomethane formation potential. Water Re-
search. 2008, 42, 3990-4000).

Other related studies have focused on the characterization of organic
matter present in UWWTP effluents.#*4¢ As previously commented, these efflu-
ents are often discharged into natural aquatic resources that can later be used
as raw water for human consumption. The composition of these effluents is a
complex mixture of hydrophobic compounds used in domestic detergents or
soaps as well as steroids together with a hydrophilic fraction including saccha-
rides, hydroxyacids, carboxylic aromatic compounds and nitrogenous com-
pounds such as amino acids, peptides or proteins.** UWWTP effluents also con-
tain a large variety of emerging pollutants, including pharmaceuticals and
personal care compounds among others. For example, in 2011 Navalon et al re-
ported the presence of paracetamol and ketoprofen in the effluent of an urban
WWTP at Ribarroja (Valencia, Spain).*

1.3.3. Formation mechanisms of DBPs

Since the detection of THMs in chlorinated drinking water, intensive re-
search has been conducted to understand the reaction mechanisms of chlorine
and other disinfectants with the NOM present in water.*’ Due to the complexity
of NOM, a series of works have isolated different organic matter fractions using
chemical or physical fractionation.*® The influence of the different fractions on
DBP formation has also been studied. One of the common methods employed
for fractionating organic matter as a function of their hydrophobic or hydrophilic
properties is based on the adsorption of the organic compounds present in water
on XAD resins under acid, basic or neutral conditions.* It has frequently been
reported that the hydrophobic fraction present in water constituted by humic
substances accounts for 40-60 % of the DOC and is responsible to a large extent
for DBP formation.*® Typically, aromatic organic compounds have been identified
as the main precursors of DBPs, such as THMs. In this line, a series of studies
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using simple organic compounds have demonstrated that phenols and related
compounds are important precursors of THMs, yielding about 0.1 — 1.1 moles of
CHCl3 per mole of substrate upon chlorination.*>" In particular, 1,3-dihydroxy-
aromatic compounds were found to be one of the most important precursors of
THMs (0.67 — 0.95 mol Cl). Figure 5 shows one of the classical reaction pathways
for the formation of chloroform from the chlorination of substituted 2,3-dihy-
droxyaromatics.>® The reaction is initiated by several electrophilic substitutions,
followed by oxidative ring opening of the activated carbon in position 2, after
which chloroform formation occurs via the haloform reaction.
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tion of dihydroxyaromatic model compounds for humic acid. Environmental Sci-
ence & Technology 1983, 17 202-211). Copyright (2021) American Chemical So-
ciety.

To a lesser extent, other studies have reported that the main THM pre-
cursors present in natural fresh water characterized by small fractions of humic
acids are the hydrophilic fractions.> In this context, several studies have revealed
that B-dicarbonyl compounds such as 3-oxopentanodioic acid are also important
precursors of THMs, yielding about 0.67 — 0.91 moles of CHCl3 per mole of sub-
strate upon chlorination.*=>"* In a related study, Navalon et al reported that
carbohydrates are significant precursors of THMs (~0.03 moles of CHCls per mole
of substrate) when these compounds represent an important fraction of the
DOC.*

Similarly, other studies have shown that N-containing organic com-
pounds such as amino acids, peptides and proteins are important precursors of
DBPs.2%%> For example, tryptophan has been reported as the amino acid with the
highest chloroform formation (147 ug mg™ C), followed by tyrosine (47 ug mg™’
C), while chloroform formation with the other amino acids is much lower.*® In
addition to THMs, the chlorination of amino acids results in the formation of
HANs and HAAs. As an example, Figure 6 shows the chlorination pathway of
aspartic acid leading to the formation of chlorinated aldehydes, acetonitriles and
acetic acids. The aromatic amino acids together with aspartic acid have been
found to be the most important precursors of HAAs. It has recently been re-
ported that HANs can be hydrolyzed into haloacetamides as a new class of DBPs.
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Figure 6. Chlorination pathway of aspartic acid. Adapted with permission from
ref. °® (Hong, H. C; Wong, M. H.; Liang, Y. Amino acids as precursors of trihalo-
methane and haloacetic acid formation during chlorination. Archieves environ-
mental contamination and toxicology 2009, 56, 638-645).

Some studies have also reported the formation of DBPs from POC present

in natural waters. The cyanobacteria®’>8

are the most frequently studied POC as
DBP precursors. Thus, the chlorination of waters containing cyanobacteria such
as Microcystis Aurea at high concentrations (1,000,000 cells/mL) have resulted in
the formation of large amounts of C-DBPs, such as THMs and HAAS as well as of
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N-DBPs such as HANs. However, most of these studies have reported DPB for-
mation at pH 7 in the absence of bromide ions, conditions that are far removed

from those of real fresh water.>%¢0

1.4. Occurrence and origin of water pollutants

The presence of natural or anthropogenic contaminants in water has a
negative impact on water quality.®’ For example, the presence of naturally occur-
ring geosmin and isoborneol produced by cyanobacteria in water destined for
human consumption causes undesirable tastes and odors in water, even at con-
centrations of a few ng/L.%2 However, most of the contaminants present in water
are due to anthropogenic domestic, industry or agricultural activities.®’ It is now
well-known that agriculture has a negative impact on aquatic natural resources
due to the use of pesticides and chemical fertilizers. Industrial effluents from dif-
ferent industrial processes are also an important source of a large variety of con-
taminants in water. Landfill leachates are also considered a common source of
organic and inorganic water pollution. Domestic sewage effluents discharged
into aquatic resources are another important source of organic contaminants,
including the so-called emerging contaminants, such as pharmaceuticals or per-
sonal care products, among others. It should be mentioned that conventional
DWTPs or UWWTPs are not designed to remove some toxic, non-biodegradable
and recalcitrant organic compounds and so they are discharged with the
wastewater effluent into natural aquatic resources. For all these reasons, new
treatments are required in conventional water processes to ensure good water
quality and comply with health regulations.
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Figure 7. Representative sources and routes of pollutants in the aquatic environ-
ments. Adapted with permission from ref ®' (Barbosa, A. O.; Moreira, N. F. F,; Ri-
beiro, A. R;; Pereira, M. F. R;; Silva, A. M. T. Occurrence and removal of organic
micropollutants: An overview of the watch list of EU Decision 2015/495. Water
Research. 2016, 94, 257-279).

1.5. Water quality regulations

In the context of DBPs, several regulations have restricted their maximum
concentration since the detection of THMs in drinking water disinfected with
chlorine and their recognized potential risk for human health. THMs were first
regulated by the Environmental Protection Agency in the US in 1979, limiting
their maximum concentration in drinking water to 100 pg/L. Since 1998 the same
agency limited the maximum concentration of THMs and HAAs (sum of bromo-
acetic acid, dibromoacetic acid, chloroacetic acid, dichloroacetic acid, trichloroa-
cetic acid) to 80 and 60 pg/L, respectively.
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In Europe DBPs were first regulated by the Council Directive 98/83/EC of 3
November 1998 on the quality of water intended for human consumption. This
directive was transposed to the different members of the EU and limited the
maximum concentration of THMs to 100 pg/L. Directive EU 2020/2184 of the
Council of 16 December 2020 on the quality of water intended for human con-
sumption limited the concentration of HAAs (bromoacetic acid, dibromoacetic
acid, chloroacetic acid, dichloroacetic acid, trichloroacetic acid) to 60 pg/L. In
Spain the criteria for the quality of water intended for human consumption was
laid down by Royal Decree 140/2003 of 7 February and its modifications, which
limits the maximum concentration of bromates present in drinking water to 10
pg/L. Other organic compounds including pesticides or phenol derivatives are
also regulated.

The USEPA, EU and WHO have also regulated other organic DBPs such as
trichloroacetaldehyde, dichloroacetonitrile, dibromoacetonitrile, trichloroace-
tonitrile, cyanogen chloride, formaldehyde and 2,4,6-trichlorophenol. There is
also an increasing interest in prioritizing unregulated DBPs in drinking water to
minimize the risk to human health® by a method based on the concentration
level found in finished drinking water, frequency and toxicity, among other pos-
sible factors. In particular, dichloroacetonitrile and trichloroacetaldehyde fol-
lowed by trichloronitromethane have been identified as DBPs of critical and me-
dium priority, respectively.

1.6. Control of DBPs and pollutants during water treatment

Although chlorine is one of the most generally used disinfectants in water
treatment, it is not effective for disinfecting some resistant microorganisms fre-
quently found in fresh water or urban wastewater.5#%> In addition, the chlorine
added to water for disinfection reacts with the organic matter and generates
undesirable DBPs, besides being unable to degrade many organic pollutants. Us-
ing ozone as disinfectant and oxidizing agent is one of the most cost-effective
alternatives to chlorine in water treatment. In fact, ozone is a molecule with a

20



Chapter 1. Introduction

higher reduction potential (E° = 2.07 V vs NHE) than chlorine (E° = 1.36 V NHE)
or hypochlorous acid (E° = 1.49 V NHE).% Ozone has greater disinfecting power
than chlorine towards some resistant bacteria such as Legionella Pneumophila
or protozoa such as Giardia Lamblia and Cryptosporidium Parvum, commonly
found in fresh and urban wastewater.

Pre-oxidazing the organic matter present in water with ozone before
chlorination is another general strategy for water treatment to minimize the for-
mation of halogenated DBPs such as THMs or HAAs.54%5 In a DWTT this oxidation
treatment is frequently applied to natural raw water while in UWWTTs oxidation
is often a tertiary treatment. In order to understand the reasons for DBP control
with ozone as oxidant, some studies have used simple and representative NOM
probe molecules. Phenols are one of the preferred probe molecules in humic
substances. The reaction of phenol with ozone forms oxidized products including
hydroxylated aromatic compounds such as catechol or hydroquinone, which can
be further oxidized to non-aromatic carboxylic derivatives. Ozone can directly
oxidize phenol via electrophilic attack on the aromatic ring or with alkene inter-
mediates via ozonolysis, which is the reaction mechanism by 1,3-dipolar addition
of ozone, for example with an alkene, giving rise to the formation of an ozonide
that usually decomposes in carbonyl compounds. This mechanism is favored at
neutral and acidic pH values. At the same time, ozone can decompose in water
into several reactive oxygen species (ROS) such as hydroxyl radicals in basic me-
dium, favoring a free radical mechanism for the oxidation of phenol and its in-
termediates. If the ozonation is performed in such a way that the phenol is mostly
oxidized into non-aromatic compounds, a subsequent chlorination will reduce
the formation of THMs and HAAs. In contrast, the use of low molar ratios of
ozone with respect to phenol will result in the formation of hydroxylated aro-
matic compounds as the main reaction products, which after chlorination will
result in the formation of higher concentrations of THMs than only using chlo-
rine. A large number of studies have reported the benefits of ozone to minimize
DBP formation during water treatment under real conditions.

21



Chapter 1. Introduction

OH
t “OH

resorcinol

OH (@]
OH 0,
0 . i
OH (@]

glyoxylic acid
phenol O3
hydroquinone p-benzoquinone o
> \/\O

OH 0]
glyoxal
OH O3 0
e
O0=C=0

carbon dioxide

catechol o-benzoquinone
03
OH
o] OH O Q
\ o Ho)‘\n/u\m
/ o)
muconic acid keto malonic acid

Figure 8. Phenol oxidation pathway using ozone as oxidant.

In contrast, some studies that have reported that a pre-oxidation of the
organic matter present in water with ozone can increase the formation of some
halogenated DBPs.>® For example, a series of studies have reported that the pre-
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ozonation of water containing large amounts of nitrogen precursors such as
amino acids, proteins or even cyanobacteria can cause an adverse effect on the
occurrence of halogenated DBPs. For example, a series of studies using water
containing a high concentration of cyanobacteria such as Microcystis Aurea
(>1,000,000 cells/mL) have demonstrated that the use of ozone as pre-oxidation
results in an increase of THM formation.®® Most of these studies have selected
Microcystis Aurea as the DBP precursor due to its high ubiquity during alga
blooms. The reasons, however, for this increased THM formation still remains
unclear. Other related studies have reported that fresh water pre-ozonation can
result in the formation of new halogenated DPBs. In particular, the ozonation of
water containing organic amines followed by chlorination forms halonitroalkanes
such as chloropicrin. Figure 9 shows the proposed reaction pathway to explain
the formation of chloropicrin from the model compound N-methylethanola-
mine.% It is therefore necessary to further study the interaction of common dis-
infectants/oxidants added during water treatments and their possible impact on
DBP formation.
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Oxidants such as ozone have also been used in water treatment for the
degradation of organic pollutants.®’” For example, it has been reported that
ozone is able to degrade a large number of organic compounds in water that
contain functional groups rich in electrons, such as double bonds, activated aro-
matic rings or non-protonated organic amines. However, the presence of deac-
tivating functional groups in the structure of the organic pollutant reduced the
degradation and/or mineralization efficiency of the process. The degradation ef-
ficiency thus depends to a large extent on the pollutant structure and this oxida-
tion process therefore cannot be regarded as a general water treatment.

With the above precedents, one of the most promising alternatives to
overcome many of the drawbacks described above for conventional water treat-
ments even though implemented with the use of ozone are the so-called ad-
vanced oxidation processes (AOPs).™6768

1.7. Advanced oxidation processes

1.7.1. Generalities

AOPs comprise a series of technologies that consist of generating highly
oxidizing ROS such as hydroxyl radicals (HO), hydroperoxide radicals (HOO), 02
or sulphate radicals (SO*") from oxidizing agents such as H20z, O3, potassium
monopersulfate (PMS) or even from molecular 02.%"" AOPs are the most appro-
priate method of degrading or mineralizing contaminants from air, water or
soil.”17® The mineralization process consists of transforming organic into inor-
ganic compounds. The mineralization of an organic compound composed of car-
bon, hydrogen, nitrogen and sulfur atoms will form COz, H20, NO3™ or SO4%, re-
spectively. The oxidizing strength of these ROS is directly proportional to their
reduction potential; the higher the reduction potential of the radical species the
higher its oxidation capacity. Table 1 lists the reduction potential of some oxi-
dants and radical species involved in many AOPs. Hydroxyl radicals and sulphate
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radicals are among the most effective oxidizing agents. As one of the main op-
erating costs associated with AOPs is the amount of oxidant (i.e. H202, O3, MPS)
required during the process, its concentration should be the minimum.

Table 1. Relative reactivity of some oxidants species.””’®
Oxidant Reduction Potential (E°, V)

SO,/ SO# 2.5-3.1

HO, H*/H>0 2.31

037, 2H*/H20, O, 1.80

O3, 2H*/0O;, H>0 2.08

H>0,, 2H*/2H0 1.77

HO:", H*/H20: 1.06

0.7, 2H*/H20; 0.94

In general, AOPs combine different oxidizing agents and/or catalysts
and/or external energy, such as light, electricity or plasma."’®76 Figure 10 shows
a simplified hierarchy of AOPs classified into two major homogeneous and het-
erogeneous groups that can be further sub-divided into several groups as a func-

tion of whether or not they use external energy, the presence or absence of a
catalyst, etc.
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Figure 10. Classification of AOPs. Adapted with permission from ref.”” (Mokhbi,
Y.; Korichi, M.; Akchiche, Z. Combined photocatalytic and Fenton oxidation for
oily wastewater treatment. Applied Water Science. 2019, 9, 35).

AOPs have found a large number of applications in water treatment. In
the area of UWWTP they are frequently used as tertiary treatment for the degra-
dation of recalcitrant, non-biodegrade and/or toxic organic pollutants such as
aromatic compounds, among many others.* They have also found wide applica-
tion for the treatment of industrial wastewaters, either as a single wastewater
treatment, for example during the removal of color from textile water before
discharge into the public sewer or to natural aquatic resources. They are also
used as a pre-oxidation treatment of industrial wastewater before a biological
process. It is important to note that AOPs are more expensive than biological
treatments and their optimization in terms of reagent consumption and external
energy supply should thus be optimized. In the case of industrial wastewater with
non-biodegradable and/or toxic organic matter, they are often used to increase
the water biodegradability (BODs/COD>0.4; BOD, biological oxygen demand;
COD, chemical oxygen demand) and/or reduce its toxicity before a biological
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treatment.™ In all cases, the degree of oxidation required depends on the water
quality required for other uses or discharge to the public sewer or natural aquatic
resources. In the field of drinking water processes AOPs are commonly used as
pre-oxidation treatments of raw fresh waters for disinfection of resistant patho-
gens, oxidation of NOM to minimize DBP or for pollutant degradation.

1.7.2. Catalytic AOPs

Some of the most cost-efficient catalytic AOPs are based on the use of
transition metal salts (Fe?*, Co?*, Cu®* etc.) as homogeneous catalysts for the
activation of H202, O3 or PMS.”"76%0 |n this context, the homogeneous Fenton
reaction has been for decades one of most widely used AOP for wastewater
treatments, even on a medium-large scale. This process consists of the reaction
of Fe(ll) salts with H202 at acidic pH (pH ~ 3) values leading to the formation of
highly reactive hydroxyl radicals (k = 70 M" s7).8! The rate limiting step of the
catalytic cycle is the regeneration of Fe(ll) from Fe(lll) and H20: (Equation 1-2), k
= 0.001 - 0.01 M" 1.8 Interestingly, the use of UV-Vis irradiation during the
Fenton process accelerates the regeneration of Fe(ll) and thus the efficiency of
the process (Equation 3), known as the photo-Fenton reaction. One of the major
limitations of these processes that hamper their wider industrial application is
the need to work at acidic pH values to avoid iron precipitation. In the case of
the photo-Fenton process, acidic pH values are required to favor the speciation
of iron in the form of active Fe(OH)?* under UV-Vis irradiation.
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Fel*+ H,0, —— Fe**+HO +HO Equation 1

Fe'*+ H,0, —»% Fe¥+HO, + HT Equation 2
3+ hv 2+ - u '

Fe'" gy tHO; ——— Fe"(,, t HO + HO Equation 3

O3 can be used as an oxidant together with Co(ll) salts as catalysts to
overcome the limitation of pH operation during the (photo)Fenton processes.®
This AOP can operate effectively in a range of pH values between 5 and 9 without
cobalt precipitation.”>® The development of AOPs based on Oz as oxidant are of
particular importance due to their easy large-scale implementation. In fact,
ozone is widely employed in DWTP as well as in some WWTPs. As commented
above, O3 can react through ozonolysis or free radical pathways.2*> However, the
degradation of electron-poor contaminants is not efficient using ozone as oxi-
dant under real water conditions, basically room temperature and atmospheric
pressure. Alternatively, the use of O3 under strong basic conditions would favor
the formation of hydroxyl radicals able to oxidize or mineralize any organic com-
pound. However, as the required pH values above 12 again limit the application
of the treatment, the decomposition of O3 into ROS such as hydroxyl or hydrop-
eroxyl radicals at neutral pH in the presence of catalysts based on transition met-
als such as Co(ll) ions emerged as a good alternative to the use of molecular O3
as oxidant (Egs. 4-7). Oxalic acid is one of the preferred probe molecules to study
catalytic ozonations for several reasons. On one hand oxalic acid together with
some small organic acids such as acetic acid or formic acid are considered as
recalcitrant compounds for some AOPs, while the reactivity of aqueous solutions
of oxalic acid with ozone is negligible under the usual conditions of water treat-
ment. The degradation of oxalic acid in an aqueous solution is thus an indirect
test of the occurrence of a catalytic ozonation mechanism.
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Co*" + 0;+H,0 ——» CO(OH)Z' +HO + 0, Equation 4

HO +0Q; ——» HO, +0, Equation 5

HO, + Co(OH)," ———» (o’ +H,0+0, Equation 6
O3 0,.0;,0H"

. L

Co*" + C,0,* <« CoC,0, = CoC,0,—»C,0; —»2C0,

Oy Co*" 03,05 OH™

Equation 7

The generation of sulfate radicals from PMS as oxidant and Co(ll) salts as
homogeneous catalysts has recently emerged as a promising AOP.& One of the
main advantage of this process is the selective formation of highly reactive rad-
icals in a broad range of pH (Egs. 8-11).7882 PMS is an inorganic compound with
a pK value of 9.4 in water, which favors its speciation at neutral pH in the form of
HSOs". PMS can therefore accept one electron leading to the selective formation
of sulfate and/or hydroxyl radicals under these conditions (Eq. 12). Similar to
H202, basic pH values (> 10) favor the decomposition of PMS into molecular Oz
through an inefficient non-radical reaction mechanism for the degradation of
pollutants (Egs. 13-14).
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Co*" + HSOy" —® (Co*"+S0, " +HO"  Equation 8
COB*—'—HSOS- —> Co*'H SOs~+H" Equation 9
SO, "+ H,0 — S0, +HO +H" Equation 10
SO, "+ HO — S0,4 +HO Equation 11
HSOs™ + H,0 —» SO +H;0" Equation 12
HSOs + SO~ — HSO4 +S0,* Equation 13
HSO, +HO — H,0+ 3(342' -0, Equation 14

Despite the good efficiencies obtained with the above-mentioned AOPs,
the need to remove the transition metals used as homogeneous catalysts from
the treated effluent to comply with water regulations hampers their application
on an industrial scale. Numerous studies have described the negative impacts of
the presence of transition metals on the environment and on human health.”88°
In general, the maximum permitted concentration of heavy metals in natural
aquatic resources is of the order of pug/L. For example, the maximum concentra-
tion of iron in drinking water is 200 ug/L.3 As indicated above, AOPs are often
used as a pre-treatment of industrial wastewater prior to biological treatment,
so that even low concentrations of some transition metals can be toxic for the
bacteria present in the biological reactor. Removal of these metals at the trace
or micrograms-per-liter level can make the treatment process economically invi-
able. Among the different options to remove metals from water, chemical pre-
cipitation of metals in the form of oxides/hydroxides is a cost-effective and eco-
nomically viable water treatment. However, the removal of transition metal ions
by this technique may not achieve efficiencies high enough to comply with water
regulations, and the formation of large amounts of metallic sludges that require
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appropriate management may also limit the application of this process, espe-
cially on a large industrial scale.

1.8. AOPs based on heterogeneous transition metal catalysts.

As previously mentioned, heterogeneous catalysis is one of the most vi-
able alternatives to overcome some of the drawbacks derived from homogene-
ous catalysis. In the literature there are a vast number or studies dealing with the
development of heterogeneous catalysts based on transition metals for
AOPs.758587 |njtially, the heterogeneous AOPs were developed using bulk metal
oxides as catalyst. Later, the use of metal or metal oxide nanoparticles deposited
on a high surface area resulted in highly active heterogeneous catalysts. The list
of heterogeneous supports includes metal oxides, clays, zeolites, silicas or car-
bonaceous materials, among others.

From an industrial point of view, the use of cost-efficient carbon-based
materials has been one of the preferred options for water treatment.® In general,
carbon-based materials can combine several properties including low or negli-
gible toxicity, good chemical resistance to acids and bases, large surface area
and porosity that favors the adsorption of organic substances among others. In
this context, activated carbons have for decades been the most suitable solids in
water treatment as adsorbents and to a lesser extent as catalyst support. Cur-
rently millions of tons of activated carbon are used every year worldwide as ad-
sorbents in large-scale water treatment processes. Activated carbons can be ob-
tained from vegetable by-products such as wood, coconut and almond shells,
hemp or any material with a high carbon content. The process of converting
these materials to activated carbon is carried out through a double stage in
which the first step consists of carbonizing the organic matter and subsequently
subjecting it to a process of physical or chemical activation under controlled
temperature and atmospheric conditions. The crushing, sieving and agglomera-
tion of the carbonaceous material gives rise to activated carbon of different
shapes and adsorption properties: powdered activated carbon (& < 0.25 mm)
and granular activated carbon (@ > 0.25 mm). This product has a large surface
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area per unit volume due to its porosity and can be divided into micropores (@
<2 nm), mesopores (& > 2 nm > 5 nm) and macropores (& > 5 nm). This porosity
is responsible for retaining pollutants through adsorption thanks to Van der
Waals forces. Generally, the greater the surface area of an activated carbon, the
greater its ability to retain contaminants. It is estimated that the surface area of
activated carbons can vary between 500 and 3000 m?/g. In the field of hetero-
geneous catalysis using activated carbons, the development of an appropriate
carbon surface to stabilize catalytic sites has for years been an area of intense
research. In general, the presence of oxygen-functional groups on the carbon
surface is a requisite to stabilize active metal or metal oxide nanoparticles.
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BIOMASS

ACTIVATED
CARBON

Figure 11. Simplified illustration of the possible functional groups present in an
activated carbon®® (Yan, Q.-L,; Gozin, M,; Zhao, F.-Q; Cohen, A, Pang, S.-P.
Highly energetic compositions based on functionalized carbon nanomaterials.
Nanoscale. 2016, 8, 4799-4851) (Dreyer, D. R;; Jia, H.-P.; Bielawski, C. W. Graphene
oxide: a convenient carbocatalyst for facilitating oxidation and hydration reac-
tions. Angewandte Chemie International Edition. 2010, 6813-6816).
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As in the case of homogeneous catalysis, some of the most active heter-
ogeneous catalysts for the activation of 03’%% and PMS®%7"78 are based on co-
balt oxides. The occurrence of cobalt leaching from the solid catalyst to the liquid
phase limits the application of these processes on an industrial scale. Attempts
to use other heterogeneous catalysts based on less toxic iron or copper species
as reaction active sites resulted in less active materials while metal leaching still
occurs.”®82 As one representative example, activated carbon supported cobalt
oxide NPs prepared by the impregnation method have been reported as the het-
erogeneous catalyst for PMS activation. In this case however cobalt leaching
from the solid catalyst to the liquid phase occurs. One of the possible reasons
for the occurrence of cobalt leaching is the weak interaction of the cobalt sites
with the support. With these precedents, further efforts towards increasing the
interaction between the cobalt active sites and the carbon support are needed
to increase the catalyst's stability.

1.9. AOPs based on carbocatalysts

As commented in previous sections, some of the most effective catalytic
AOPs are based on the use of transition metals as active sites for the activation
of oxidants such as H202, O3 or PMS.”"7>7 AOPs based on heterogeneous catal-
ysis are preferred for homogeneous ones, especially for large-scale applications.
AOPs based on heterogeneous catalysis facilitate the development of continuous
flow processes with relatively easy recovery and reuse of the solid catalyst. One
of the main limitations of the AOPs based on transition metal-based heteroge-
neous catalysts is the occurrence of metal leaching from the solid catalyst to the
solution. This situation hampers its application in large scale water treatments
and would result in the continuous contamination of aquatic resources with a
negative impact for both the environment and human health.

For the sake of sustainability AOPs based on sustainable metal-free catalysts
should be developed.?%°194 |n this context, carbon-based materials are among
the most promising candidates for this purpose. The area of catalysis which deals
with the use of carbon materials as catalysts is called carbocatalysis. Activated
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carbons were among the first carbocatalysts reported. Years later, with the dis-
covery of new carbon allotropes and carbon-based materials the number of car-
bocatalysis examples further increased (Figure 1a). The following sections sum-
marize some of the representative examples of carbocatalysis with special
emphasis on their use in AOPs.

1.10. Activated carbons as carbocatalysts for AOPs

The use of activated carbon-based materials obtained from biomass as car-
bocatalysts is one of the clearest examples of sustainable circular economy pro-
cesses.”®® These materials were among the first reported as carbocatalysts. In
1925 the use of charcoal as carbocatalyst was reported for the mineralization of
oxalic acid using oxygen.®® It was proposed to start the reaction by the oxidation
of charcoal with oxygen, leading to the formation of peroxide intermediates that
further oxidize oxalic acid to CO2 and H:0.

Years later, activated carbons were employed as metal-free catalysts to pro-
mote activation of oxidants such as H202 or O3, among others. For example, a
series of studies have proposed the use of activated carbons as metal-free cata-
lysts for H202 activation to hydroxyl radicals. In this process, one electron transfer
process from reduced AC to H20z results in the formation of hydroxyl radicals.®
Then, the catalytic cycle is restored by another H202 that acts as reductant, lead-
ing to the formation of hydroperoxyl radicals (Egs 15-16). However, the complex
composition of activated carbons makes it difficult to clearly identify the active
sites of the process. In this context, attention should be paid to the possible role
of metallic impurities present in the activated carbons as active sites of the cata-
lytic process. In fact, several studies have reported that the observed catalytic
activity for H202 decomposition is partially due to the presence of metal impuri-
ties such as iron, among others.
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AC+ H,0, — >  AC +HO +HO Equation 15

AC +H,0, ——» AC+HOO +H* Equation 16

Activated carbons have been reported as metal-free ozonation catalysts.
Several studies have shown a synergy between Os and activated carbons for pol-
lutant degradation. In one of these studies the use of carbonaceous materials
such as granular activated carbon have been employed as carbocatalyst to eval-
uate the efficiency of the catalytic ozonation process applied to a urban
wastewater effluent®® The parameters evaluated include the reduction of TOC,
COD and the degradation of some emerging pollutants in water such as parace-
tamol, diclofenac, sulfamethoxazoles, ketorolac and metoprolol. Interestingly, it
was concluded that carbocatalytic ozonation is a more suitable technology than
other water purification treatments (adsorption with activated carbon, oxidation
with ozone, O3/H202, UV-C photolysis, UV-C TiO2 photocatalysis, TiO2 solar pho-
tocatalysis) in terms of the TOC and COD reduction and elimination of emerging
water pollutants. Importantly, the study concluded that carbocatalytic ozonation
is the best technology in terms of energy consumption. Similar to the case of
H202, there is still some controversy regarding the active sites of the process.
Some studies have proposed the presence of surface oxygen-functional groups
such as hydroxyl and ketonic on the carbon surface can favor Os decomposition
to ROS.Y’

In addition to the use of activated carbons as metal-free catalysts for AOPs,
these carbon-based materials also found application in the area of petrochem-
istry. In a series of studies, activated carbons with several functionalities have
been reported as metal-free catalysts for the oxidative dehydrogenation of
ethylbenzene to styrene. Based on the observed catalytic activity and the char-
acterization data of the activated carbons it was proposed that the carbonyl/qui-
none functional groups present in the solid are the active sites of the process.(Pe-
reira) More recently, our group has reported that activated carbons having
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hydroquinone/quinone-like functional groups can be employed as active carbo-
catalysts to promote hydrazine activation (N2H.) and olefin reduction.%®

1.11. Graphite- and graphene-based materials as carbocatalysts
for AOPs

In contrast to the use of activated carbons as carbocatalysts, the number
of studies reporting the use of graphite-based materials as carbocatalysts is
much lower.285%° Graphite is a carbon allotrope constituted by stacking graphene
layers. Each graphene layer is composed of sp? carbon hexagons arranged in a
hexagonal lattice. The high crystallinity and relatively low surface area (< 50
m?2/g) of graphite and therefore the absence of oxygen functional groups or de-
fects such as dangling bonds have meant that this material has been rarely re-
ported as metal-free catalyst.®® In one of the few reported examples, graphite
was employed as metal-free catalyst for H202 decomposition and 4-chlorophe-
nol degradation. Regardless of its lower activity than activated carbon, it was
proposed that H202 decomposition occurs in a similar way to the Fenton reac-
tion,1%

The field of carbocatalysis greatly expanded after the discovery of gra-
phene in 2004.%" As in the case of graphite, the absence of defects in graphene
is one of the main reasons for its low efficiency as metal-free catalyst.?*'%? How-
ever, the use of graphene-based materials with large amounts of oxygen func-
tional groups, dangling bonds or heteroatoms make these materials promising
candidates as carbocatalysts. In particular, graphene oxide and reduced gra-
phene oxide have been the preferred solids in the area of carbocatalysis. One of
the most widely used methods for the production of GO and rGO are based on
the Hummers and Offeman method, followed by exfoliation and reduction (Fig-
ure 12). This method consists of the chemical oxidation of graphite by KMnOs in
a strong acidic medium, followed by H20z. This oxidation process results in the
formation of graphite oxide with a higher interlayer distance that facilitates the
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exfoliation of the layers, for example by means of ultrasounds. In order to tune
the amount and type of functional groups present in the GO a thermal (T > 100
°C) or chemical (N2H4, NaBHa4) reduction process leading to the formation of re-
duced GO (rGO) can be carried out.

Reduction process
'Chemical (N,H,, NaBH,) ¢
4 HO

£
N

or thermal (> 100 °C)

Reduced graphene oxide

Figure 12. Illustration of GO and rGO preparation from graphite based on the
Hummers and Offeman method followed by sonication and reduction. Adapted
with permission from ref 9 (Navalon, S.; Dhakshinamoorthy, A.; Alvaro, M.; Garcia,
H. Carbocatalysis by graphene-based materials. Chemical reviews 2014, 174,
6179-6212). Copyright (2021) American Chemical Society.

The GO and rGO solids obtained have been employed as carbocatalysts
for a large variety of reactions.** In particular, in 2010 Bielawski et al published a
seminal work on the use of graphene oxide as metal-free catalyst for the oxida-
tion of alcohols by Oz (Figure 13).2% It is important to note that this process had
been described years earlier using noble metal-based catalysts such as

39



Chapter 1. Introduction

Au/Ce02.'% Since then, much progress has been made in the area of carbocatal-
ysis using graphene-based materials.®*'% In the field of AOPs, rGO have been
employed as metal-free catalyst for the activation of several oxidants. For exam-
ple, our group reported the use of rGO as carbocatalyst for the Fenton reaction.
Theoretical and experimental data were employed to propose that the presence
of hydroquinone/quinone-based moieties in the rGO catalyst are the active site
of the process (Figure 13).

rGO
Oz AS H,0,
reduced -
hv
AS .
H;0, oxidized Ho
rGO
AS reduced OH AS oxidized O
OH o}
hydroquinone p-benzoquinone

Figure 13. Mechanistic proposal for the generation of hydroxyl radicals using hy-
droquinone/p-benzoquinone model molecules for the active sites (AS) in rGO.
Adapted with permission from ref 1% (Espinosa, J. C.; Navalén, S.; Alvaro, M.; Gar-
cia, H. Reduced graphene oxide as a metal-free catalyst for the light-assisted
Fenton-like reaction. ChemCatChem 2016, 8, 2642 — 2648).

40



Chapter 1. Introduction

In a related study, rGO has been reported as metal-free ozonation cata-
lyst for the degradation of p-hydroxybenzoic acid as water pollutant.’ The pres-
ence of carbonyl groups present in the rGO were proposed to favor catalytic O3
decomposition into 'Oz and O:" radicals. The catalyst, however, rapidly deac-
tivates upon reuse due to its partial oxidation, while reactivation can be carried
out by submitting the catalyst to a pyrolysis at 300 °C.

1.12. Nanodiamonds as AOPs carbocatalysts

The use of nanodiamonds as heterogeneous catalysts has continuously
grown since they become commercially available.”” One of the preferred meth-
ods for the large scale production of nanodiamonds is the detonation method,
which consists of the detonation of trinitrotoluene and cyclonite under defective
oxygen conditions, leading to the formation of a diamond blend that contains
about 75 % of nanodiamonds (< 10 nm) embedded in a carbon shoot matter
(Figure 14). More specifically, the nanodiamonds are composed of a core of sp?
carbon network doped with nitrogen atoms (~2.5 wt%) and an outer shell of
amorphous sp? carbon containing oxygen-functional groups. Purification of
these NDs can be performed by chemical or thermal methods. Typically, the
chemical method consists of oxidation of the carbon shoot matter with mineral
acids such as H2SO4 or HNOs, possibly combined with transition metals under
harsh reaction conditions. The thermal methods consists of the controlled com-
bustion of the diamond blend at temperatures higher than 400 °C to decompose
the shoot matter while preserving the diamond core structure. In general, these
NDs are frequently characterized by a BET surface area of about 260 m?/g, a total
pore volume of 0.92 cm3/g and a negligible microporous volume.
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a) c)

b) | d) soot structures
O.N. L. _NO; NO; _ onion-like
M. s shell
il N__N.
NO, OpN™ =" "NO, _
THT Cyclonite D NPs

Figure 14. (a) Photograph of a reactor used for explosive detonation leading to
the formation of D NPs. (b) Chemical structure of 1,3,5- trinitrotoluene (TNT) or
cyclonite. (c) TEM image of D NPs and (d) illustration of D NPs embedded in
carbon shoot matter. Reprinted with permission from ref ' (Navalén, S.; Dhak-
shinamoorthy, A.; Alvaro, M.; Garcia, H. Diamond nanoparticles in heterogeneous
catalysis. Chemistry of materials 2020, 32, 4116-4143). Copyright (2021) Ameri-
can Chemical Society.

Purified NDs have been functionalized with several functionalities for the
development of heterogeneous catalysis."”” One of the common strategies for
the development of heterogeneous catalysts based on NDs is their functionali-
zation with oxygen functional groups. These oxygen functionalities have been
used to deposit catalytic sites based on metal or metal oxide NPs, as well as
covalently anchored organic molecules or metal complexes. In other approaches,
the pyrolysis of commercial NDs at increased temperatures results in the decom-
position and reconstitution of the amorphous outer ND shell, leading to the for-
mation a crystalline sp? shell with some oxygen-functional groups.’® Heating at
temperatures above 1700 °C leads to the full transformation of NDs into onion-
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like carbons constituted exclusively by sp? carbons. Interestingly, graphitized
NDs have found several applications in some petrochemical reactions, fine chem-
icals and environmental applications. For example, a series of studies have shown
that graphitized NDs can be used as carbocatalysts for the activation of oxidants
commonly used in AOPs, such as peroxydisulfate or PMS as oxidants towards the
formation of sulfate or hydroxyl radicals.’ Based on theoretical and experi-
mental calculations, it was proposed that the external graphitic sp? layers func-
tionalized with oxygen functional groups such as ketonic can be the active sites
of the process facilitating electron transfer towards the oxidant. Regardless of
these observations, further studies are required to get a better insight into the
use of graphitized NDs as metal-free AOP catalysts.
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Progressive
polygonization

to carbon onion

Continued sp*-sp? phase
transformation
from the outside
to the inside

sp? shells Y

Desorption of
functional groups

ot Rec uction of dangling bonds
700-800°C and amorphous carbon

Desorption of woter
and functiona! groups

functional groups

Figure 15. Formation of carbon onions by annealing of D NPs followed by TEM
and optical microscopy. Reproduced from Ref. 1% (Zeiger, M.; Jackel, N.; Mocha-
lin, V. N.; Presser, V. Review: carbon onions for electrochemical energy storage.
Journal of Materials Chemistry A 2016, 4, 3172-3196) permission from the Royal
Society of Chemistry.
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Chapter 2
Objectives

The aim of the present Thesis is the use of ozone and peroxymonosulfate
as oxidants in water treatments for disinfection by-products control or pollutant
degradation.

The specific objectives of each of the chapters of this Thesis are as fol-
lows:

To study the impact of the presence of three common cyanobacteria pre-
sent in surface waters (Microcystis aeruginosa, Anabaena aequalis and Oscillato-
ria tenuis) on DBP formation when chlorinated with or without pre-ozonation. A
relatively low cell concentration of cyanobacteria will be employed (10,000
cells/mL). The specific DBPs will include THMs, HAAs, HAN, HKs, trichloronitro-
methane and bromates. The influence of the presence or absence or bromides
as well as the pH of the aqueous solutions will be evaluated for chlorine demand
and DBP formation.

Development of a highly active and stable catalyst based on cobalt na-
noparticles supported on functionalized commercial activated carbon (Norit) for
PMS activation and aqueous pollutant degradation. Activated carbon function-
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alization will be carried out using either thermal or chemical treatments. The in-
fluence of several parameters such as solution pH, PMS dosage and the reaction
temperature on the resulting catalytic activity will be studied. Catalyst stability
will be studied by performing several consecutive reuses. The selective quench-
ing experiment and EPR measurements of spin trap adducts will be employed to
characterize the reactive oxygen species involved in the catalytic process.

Development of a highly active and stable metal-free ozonation catalyst
based on a high surface area graphite material selectively functionalized at the
edges with hydroxyl groups. The catalytic activity of this material will be com-
pared with that of other carbon-based catalysts including the parent high surface
area graphite, commercial activated carbon (Norit), commercial multiwall carbon
nanotubes, commercial diamond nanoparticles, graphene oxide or reduced gra-
phene oxide as well as benchmark ozonation catalyst such as Co3O4 or Fe20s3
material. Catalyst stability upon reuse will be evaluated. A catalyst reactivation
procedure will be designed and applied if necessary. The catalytic mechanism
will be studied by using selective quenching experiments and by EPR measure-
ments of spin-trap adducts.

Development of defective hybrid sp?/sp* core-shell nanodiamonds as
metal-free ozonation catalysts. These nanodiamonds will be prepared by thermal
annealing of commercial diamond nanoparticles in a tubular oven. As in the pre-
vious objective, catalyst stability upon reuse will be studied. A catalyst reactiva-
tion procedure will be also designed. The catalytic reaction mechanism will be
assessed by using selective quenching experiments and EPR measurements.
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Chapter 3

Impact of chlorination and pre-ozona-

tion on disinfection by-products formation
from aqueous suspensions of cyanobacte-
ria: Microcystis aeruginosa, Anabaena
aequalis and Oscillatoria tenuis

3.1 Introduction

Cyanobacteria, traditionally identified as blue-green algae, occur worldwide
in fresh and marine natural aquatic ecosystems exposed to sunlight, allowing the
operation of oxygenic photosynthesis necessary for the metabolic synthesis of
carbohydrates from COz (Merel et al., 2013). One of the main concerns related
with the presence of cyanobacteria in water is the production of toxins for
aquatic or terrestrial organisms, animals and humans with unwanted effects by
contact or ingestion, including hepatoxocity and tumor promotion (Carmichael
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and Boyer, 2016, Codd et al.,2016 Falconer, 1991; Frazier et al., 1998; Hawkins et
al., 1985; Jochimsen et al,, 1998; Turner et al., 1990). In the conventional drinking
water treatment, the presence of cyanobacteria bloom impedes the settling pro-
cess and increases the demand of oxidant employed as water disinfectant during
the treatment (Chen et al., 2017).

In addition, previous studies have reported that cyanobacteria aqueous
suspensions are important precursors of disinfection by products (DBPs) during
water chlorination (Goslan et al., 2017). In this context, Microcystis aeruginosa
has been the preferred cyanobacteria for these studies due to its ubiquity in the
surface waters (Daly et al., 2007; Fang et al., 2010; Ho et al., 2006; Zhu et al., 2015),
among others. Most of these studies, however, have focused on the total for-
mation of few DBPs, but they do not provide the individual evaluation of each of
the various C-DBPs and N-DBPs. For example, some studies have studied the
impact of cyanobacteria aqueous suspensions chlorination on the formation of
individual families of DBPs such as trihalomethanes (THMs) (Shi et al., 2019),
haloacetic acids (HAAs) (Ge et al,, 2011) or the concomitant production of few
DBPs such as haloacetonitriles (HANs)/THMs (Pu et al., 2013) or THMs/HAAs
(Hong et al.,, 2008) among others. It is noteworthy that the formation of unregu-
lated nitrogenous-DBPs (N-DBPs), such as HANs or trichloronitromethane
(TCNM) is highly important since some of these DBPs are more genotoxic, cyto-
toxic or carcinogenic than carbonaceous-DBP (C-DBPs) and the presence of phy-
toplankton in the raw water increases their formation (Shah and Mitch, 2012)
such as THMs or HAAs (Plewa et al., 2004).

Another frequent situation found in the studies of DBP formation from
cyanobacteria aqueous suspensions is that some reports have focused on the
exclusive formation of chlorinated-DBPs at pH 7. Thus, there is still room to in-
vestigate the impact of the presence of bromide ions (Ge et al., 2011; Hong et
al., 2008; Plummer and Edzwald, 2001; Shi et al., 2019) at the concentration range
naturally occurring and the influence of the pH (Shi et al., 2019) during the chlo-
rination of the water contaminated by cyanobacteria. Nowadays it is well-stab-
lished that the impact of some brominated DBPs such as THMs, HAAs, HANs on

56



Chapter 3. DBPs from cyanobacteria by chlorination with/without ozonation

the human health is higher compared to their corresponding chlorinated ana-
logues (Yang et al,, 2014). Brominated DBPs are more cytotoxic and genotoxic
than their corresponding chlorinated analogues (Bond et al., 2011). In addition,
regardless the higher occurrence and concentration of THMs and HAAs in drink-
ing waters, N-DBPs such as HANs seem to be the responsible DBPs for toxicity
(Plewa et al., 2017). Regarding the influence of the pH, most of studies related
with cyanobacteria chlorination have been conducted at about pH 7 (Hong et al.,
2008; Plummer and Edzwald, 2001; Shi et al., 2019) while most of the surface
natural waters have pH values around 8. At pH 8 the main chlorine form is CIO",
while at pH 7 the main form is HCIO (Deborde and von Gunten, 2008). Chlorine
speciation influences in large extent DBP formation. Therefore, it is desirable to
obtain further information on the influence of the presence of bromide ions and
pH on DPB formation during the chlorination of some common cyanobacteria
found in fresh waters destined for human consumption.

One of the main strategies employed to minimize the risk of cyanobac-
teria accumulation in drinking water treatment plants and degrade the toxins
released upon cell lysis is the use of ozone as oxidant (Daly et al., 2007; Fan et
al., 2014). In addition, ozone has been generally employed as pre-oxidant to min-
imize DPB formation in the subsequent water chlorination (Richardson et al.,
2007). In this context, the number of studies reporting the influence of pre-ozo-
nation of cyanobacteria aqueous suspensions on DPB formation in the chlorina-
tion is much lower respect to those limiting only to chlorination (Plummer and
Edzwald, 2001). Thus, it would be desirable further gain information on the influ-
ence of pre-ozonation also for other common cyanobacteria in water on the for-
mation of DBPs, particularly in the presence of bromide ions that can form bro-
minated THMs performing the experiments at pH values commonly found in
natural waters.

Towards this goal, the present study shows the impact of the presence
of three common cyanobacteria in surface waters, namely, Microcystis aeru-
ginosa, Anabaena aequalis and Oscilatoria tenuis on DBP formation upon chlo-
rination with or without a pre-ozonation process at relatively low cell concentra-
tion (10,000 cells/mL). In particular, THM, HAA, HAN, haloketone (HK) and
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chloropicrin or trichloronitromethane (TCNM) formation together with the chlo-
rine demand has been evaluated in the absence and presence of bromide ions
as a function of the pH.

Considering the ways in which the presence of cyanobacteria can influ-
ence DBP, it has been reported that each class of biomolecule has a different
behaviour regarding DBP formation. Thus, some of us have reported that chlo-
rination of carbohydrate aqueous solutions result in a moderate chlorine de-
mand (~1.5 mg Clz/mg C at pH 8 at 20 °C after 3 d) with most of consumed
chlorine atoms ending as THMs (100 pg/L) (Navalon et al., 2008).

Other studies have reported that the presence of N-containing organic
compounds such as amino acids or peptides (Hureiki et al.,1994) results in some
cases in chlorine demands higher than humic substances (Hong et al.,, 2009). For
example, some peptides and proteins exhibit chlorine demand between 3 and 4
mg Cl2/mg C (Hureiki et al., 1994). In general, chlorination of N-containing or-
ganic compounds results in the formation of C-DBPs including THMs and HAAs,
together with lesser amounts of aldehydes and HKs. In this context, it is pertinent
to mention that in the case of the cyanobacteria Oscillatoria tenuis studied in this
work, the main amino acids present in its composition are in average aspartic
acid (7.33%), glutamic acid (10.1%), leucine (7.34%), histidine (1.65%) and methi-
onine (0.82%) (Hong et al., 2008). Of note is that aspartic acid have been identi-
fied as one of the main non-aromatic HAA precursors (83.2 ug mg™' C) present
in the organic matter of natural waters. In addition, N-DBPs (Bond et al., 2011)
such as organic haloamines (Hureiki et al., 1994), halonitriles, haloamides, haloni-
tro compounds or cyanogen chloride are also formed upon chlorination of N-
containing organic compounds (Trehy et al., 1986). As commented in the intro-
duction, HANs and TCNM are important N-DBP groups due to their high geno-
and cytotoxicity compared to regulated C-DBPs such as THMs or HAAs (Plewa et
al., 2004).

Regarding to DBP formation upon chlorination of lipids it has been re-
ported that the higher number of double bonds in their structure the higher DBP
formation (Deborde and von Gunten, 2008). For example, chlorination of com-
mon algal fatty acids showed that the higher amounts of double bonds the
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higher amount of TCNM and DCAA (Liang et al.,, 2012). The reader is referred to
some existing reviews and articles for a deeper discussion regarding chlorination
mechanisms leading to DBP formation as a function of the structure of the pre-
cursor (Deborde and von Gunten, 2008).

Overall, the results obtained indicate that chlorination of fresh water con-
taminated by three common cyanobacteria at relatively low cell concentration
results in significant increase in DBP formation. In addition, a pre-ozonation of
waters containing these three cyanobacteria is not useful to decrease the con-
centration of CDBPs and N-DBPs. Our study indicates the need to remove cya-
nobacteria from the raw water before ozone pre-oxidation and/or chlorination
in order to observe a diminution in the DBP formation.

3.2 Materials and methods

3.2.1 Reagents

All the reagents employed in this work were of analytical or HPLC grade.
The list of the reagents includes: a) EPA 501/601 THMs calibration mix (2000
Hg/mL each component in methanol; Merck) for the analysis of chloroform
(TCM), dichlorobromomethane (BDCM), dibromochloromethane (DBCM) and
bromoform (TBM); b) HAA standard mixture (EPA 552.2 Methyl Ester Calibration
Mix, Sigma-Aldrich) for the analysis of monochloro-, dichloro-, trichloro-, mon-
obromo-, dibromo-, bromochloro-, bromodichloro-, dibromochloro-, and tri-
bromo-acetic acids (MCAA, DCAA, TCAA, MBAA, DBAA, BCAA, BDCAA, DBCAA,
and TBAA, respectively); c) EPA 551B halogenated volatiles mix (2000 pg/mL each
component in acetone; Sigma-Aldrich) for the analysis of bromochloroacetoni-
trile (BCAN), dibromoacetonitrile (DBAN), dichloroacetonitrile (DCAN), 1,1- di-
chloro-2-propanone (1,1-DCP), 1,1,1-trichloroacetone (1,1,1-TCP), trichloroace-
tonitrile (TCAN), trichloronitromethane (TCNM). d) Sodium hypochlorite (NaOCl)
(5% active chlorine, Acros Organics). The three cyanobacteria under study Micro-
cystis aeruginosa, Anabaena aequalis and Oscillatoria tenuis were supplied Span-
ish Bank of Algae (BEA-Banco Espafiol de Algas).
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3.2.2 Experimental procedures and analysis

Supplementary information describes the detailed description of cyano-
bacteria aqueous suspensions preparation (Section S1), the pre-ozonation and
chlorination experiments (Section S2) and the analytical methods (Section S3)
employed in this study. Herein, in contrast to precedents using high Algae con-
centration of 1,000,000 cells/mL to study DBP formation (Fang et al., 2010), the
present work aims to determine the influence of a moderate cyanobacteria con-
centration on DBP formation upon chlorination, depending on whether or not a
pre-ozonation step is performed (Almuhtaramet al., 2018). The range of concen-
tration selected in the present study is more often occurring in water treatment
plants, in which the operation conditions makes less probable acute cyanobac-
teria proliferation.

Optical microscopy confirmed the presence in the aqueous suspension
of the three cyanobacteria under study, namely Microcystis aeruginosa, Ana-
baena aequalis and Oscillatoria tenuis, with their expected morphology (Fig. 1).

In general, the aqueous cyanobacteria solution (10,000 cells/mL; 200 mL)
is ozonated at 1.6 mg/L and contacted for 2 h at pH 8. Then, the pre-ozonated
solution is chlorinated (100 mL) under headspace free conditions with a chlorine
dose of 11 mg/L at either pH 8 or 6.5 at 20 °C for 72 h. More details on the
ozonation and chlorination processes can be found in the supplementary infor-
mation.
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Fig. 1. Optical microscopy images of Microcystis aeruginosa (a), Anabaena
aequalis (b) and Oscillatoria tenuis (c).

3.2.3 Cyanobacteria characterization

The three cyanobacteria under study were prepared at 10,000 cells/mL as
described earlier. Table 1 collects the TOC of the three cyanobacteria suspen-
sions under study as well as their composition in terms of percentage of lipids,
proteins and carbohydrates, determined according to the literature (Cao et al.,
1997; Sun et al., 1997). It is important to note that previous studies have reported
the formation upon chlorination of several DBPs depending on the type of bio-
molecule either carbohydrates, proteins or lipids as organic model precursors to
understand the behaviour of natural organic matter present in fresh water.

3.3 Results and discussion

Considering the distribution of biomolecules in the three cyanobacteria un-
der study shown in Table 1 and having in mind that each class of biomolecule
renders a different distribution of DBP, it was anticipated that chlorination of the
three cyanobacteria aqueous suspensions should follow the expected behaviour
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respect to C-and N-DBP formation. Thus, in spite of the complexity of the organic
components present in the three cyanobacteria under study, the present study
attempts to rationalize the observed results on DBP formation upon chlorination
based on the course cyanobacteria composition in polysaccharide, proteins and
lipidlike organic moieties. Note that according to Table 1, the three cyanobacte-
ria exhibit notable differences in the percentages of the three main types of bi-
omolecules.

Table 1. List of cyanobacteria under study, TOC of the employed suspensions and composition in terms of
proteins, carbohydrates and lipids.

TOC Carbohydrates Proteins Lipids Ref
(mg/Ly® (%) (%) (%)
Microcystis aeruginosa®® 1.04 14.5 82.0 3.57 Cao et al. (1997)
Oscillatoria tenuis? 0.7 239 64.6 11.6 Sun et al. (1997)
Anabaena aequalis® 1.04 39.8 54.6 5.62 Cao et al. (1997)

2 TOC values corresponding to a cell concentration of 10* cells/mL.

® TOC value of 2.4 mg/L at a cell concentration of 10° cells/mL.
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Fig. 2. Chlorine demand of cyanobacteria aqueous suspensions in the presence
and in the absence of bromide ions at pH 8 or 6.5. Legend of left figure, a): Chlo-
rination at pH 8 in the absence (1) or the presence (2) bromide ions; Chlorination
at pH 6.5 in the absence (3) or the presence (4) bromide ions. Legend of right
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part, b): Pre-ozonation followed by chlorination at pH 8 in the absence (1) or the
presence (2) bromide ions; Pre-ozonation at pH 8 followed by chlorination at pH
6.5 in the absence (3) or the presence (4) bromide ions. General reaction condi-
tions: Cyanobacteria concentration (10,000 cells/mL), ozone dose (1.6 mg/L),
chlorine dose (11 mg/L), pH as indicated, 20 °C, 72 h reaction time.

3.3.1 Influence of the presence of cyanobacteria on chlorine demand
during chlorination

One of the negative impacts of the presence of algae in the aquatic re-
sources destined to human consumption is the increase of the chlorine demand
that has to lead to higher DBP concentration (Zamyadi et al., 2013). Fig. 2a shows
the chlorine demand of the three cyanobacteria aqueous suspensions (10,000
cells/mL) under study namely Microcystis aeruginosa, Anabaena aequalis and
Oscillatoria tenuis at pH values 8 or 6.5 in the absence or presence of bromide
ions (300 pg L™"). On one hand, the chlorine demand for the all three cyanobac-
teria suspensions at pH 8 in the absence of bromide ions is around 6.6 + 0.7
mg/L. Considering that TOC values of the three cyanobacteria suspensions at
10,000 cells/mL, chlorine demands are 1.04 + 0.2 mg/L or ~6.3 mg free chlo-
rine/mg TOC. The somewhat higher chlorine demand of Microcystis aeruginosa
respect to the other two cyanobacteria under study may be partially attributed
to its higher protein content (Table 1). These values are in the range of those
reported for some N-containing organic compounds, based on amino acids var-
ying from 3.4 to 10 mg/L of C as a function of their chemical structure.

On the other hand, the chlorine demand of the three cyanobacteria un-
der study at pH 6.5 decreases to the average value of 5.3 + 0.5 mg/L or 5.1 mg/L
chlorine per mg of TOC. These results indicate that the higher the pH value dur-
ing the chlorination of the cyanobacteria suspensions, the higher chlorine de-
mand. The main chlorine species present in water at pH 8 is CIO™ (E%eb = 0.81
eV) that is a worst oxidizing and chlorinating agent than HCIO (E%ep = 1.49 eV)
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that is the species present at pH 6.5. Thus, it can be concluded that the experi-
mental higher chlorine demand at basic pH values during cyanobacteria aqueous
suspension chlorination should be due to the different organic substances spe-
ciation. In this context, it has been reported that saccharide chlorination at basic
pH values requires higher chlorine consumption due to the occurrence of oxida-
tion and chlorination compared to the chlorination at acidic pH values (Navalon
et al., 2008). Other works have also observed that the chlorine consumption of
proteins, peptides and amino acids is also higher at basic pH values due to the
N-chlorination pathway that is hampered at acidic pH values in which the amino
groups are protonated (Deborde and von Gunten, 2008). The chlorination rates
of lipids are mainly controlled by the chlorine speciation at the corresponding
pH value of the water (Deborde and von Gunten, 2008). Overall, it is likely to
propose that the higher chlorine demand of cyanobacteria at basic pH values is
due to both the reaction of chlorine with deprotonated amino groups and the
chlorine reaction with carbohydrates through oxidation and chlorination path-
ways.

The presence of bromide ions at concentrations typically found in ground
waters (300 pug L) either at pH 8 or 6.5 increases the chlorine demand for the
three cyanobacteria (10,000 cells/mL) under study. In the presence of bromide,
the chlorine demand is also higher at pH 8 than at pH 6.5. This increase of the
chlorine demand when Br is present can be explained considering that chlorine
in the form of HCIO or CIO™ oxidizes Br- to HBrO or BrO". The oxidizing character
of HBrO (E%ep = 1.33 eV) or BrO™ (E%eb = 0.761 eV) is slightly lower respect to
their respective chlorine analogous. In contrast, the reactivity of bromine respect
to chlorine is higher towards electrophilic aromatic substitution. This fact is due
to the higher carbocation stability substituted by bromide atoms that enjoys
higher electron density and smaller bond strength compare with the chlorine
ones (Deborde and von Gunten, 2008). The higher chlorine demand in the pres-
ence of bromide ions or at pH 8 will be mainly reflected in an increase of THMs
and HAAs (see below). In contrast, HANs are formed preferentially at acidic pH
values due to their partial instability at basic pH values in which these DBP be-
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come hydrolyzed to haloacetamides. Thus, the higher chlorine demand accom-
panied by higher DBP formation, generally observed during water disinfection,
also applies for the case of cyanobacteria chlorination in the presence of bromide
ions.

For comparison, the chlorine demand of Microcystys aurea in the pres-
ence of bromide was also measured at high cyanobacteria concentration
(1,000,000 cells/mL) at pH 8. A chlorine demand value of is 17.2 mg/L was deter-
mined. This chlorine demand when referred to the TOC of the cyanobacteria sus-
pension (2.3 mg/L TOC) is somewhat lower (7.5 mg Clz/mg TOC) than that meas-
ured for a concentration of 10,000 cells/mL (8.1 mg Clo/mg TOC). This deviation
may be attributed to the agglomeration of the cyanobacteria at higher concen-
tration in the aqueous suspension and, therefore, decreasing slight chlorine ac-
cessibility to biomolecules. As it will be commented latter, the higher cyanobac-
teria concentration, the higher DBP production in absolute values (ug/L), but the
lower chlorine demand referred to the TOC is reflected also in the relatively lower
DBP production (ug/mg of TOQ).

3.3.2 Influence of cyanobacteria chlorination and pre-ozonation on DBP
formation

This section addresses the influence that the presence of the three cya-
nobacteria (10,000 cells/mL) under study in water on the DBP formation (THMs,
HAAs, HANs, TCNM and HKs) upon chlorination with or without pre-ozonation.
The study has been carried out at pH values of 8 or 6.5 in the presence or absence
of bromide ions. Some of the results are presented in Figs. 3-6 and Tables S1-S3.
Figs. 3-5 collects the THM and HAA formation after 1 and 3 days of chlorination.
HAN formation is presented after 3 days of chlorination since the values 1 day
after chlorination are below the quantification limit (0.5 pg/L). HK formation has
not been included in the plots since in all the experiments its value is below the
quantification limit (1 pg/L). TCNM was not observed in the chlorination, but it
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has been quantified when a pre-ozonation process is performed in the absence
of bromide ions (Fig. 6).

In general, the chlorination of the three cyanobacteria under study results
in the formation of THMs and HAAs as the main CDBPs. It was observed that DBP
formation for Microcystis aeruginosa is always somewhat higher than for the
other two cyanobacteria under study. This fact follows the higher chlorine de-
mand of Microcystis aeruginosa and the higher protein content respect to Ana-
baena aequatis or Oscillatoria tenuis. HAN concentrations have been found to
be below 5 pg/L.
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Fig. 3. DPB formation after one (1 d) or three (3 d) days for Microcystis aqueous
suspensions under chlorination without (a, b) or after pre-ozonation (c, d) as a
function of the pH and in the absence (a, c) or presence (b, d) of bromide ions.
Legend panels a and c: THMs corresponds to TCM, HAAs correspond to DCAA
(bottom part) and TCAA (upper part), HANs correspond to DCAN. Legend panels

66



Chapter 3. DBPs from cyanobacteria by chlorination with/without ozonation

b and d: THMs (TCM-white, BDCM-cyan, CDBM-purple, TBM-blue), HAAs
(MCAA-yellow, MBAA-white, DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green,
DBAA-cyan, CDBAA-purple, TBAA-orange), HANs (DCAN-orange, TCAN-blue).
Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions (300 pg/L),
temperature (20 °C). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article)

DBP formation as a function of the pH of the chlorination

Figs. 3-6 show the formation of THMs, HAAs and HANs after chlorination
of cyanobacteria aqueous suspensions of Microcystis aeruginosa, Anabaena
aequalis and Oscillatoria tenuis upon chlorination at pH 8 or 6.5 during 24 or 72
h. Obviously, exclusive formation of chlorinated DBPs is observed when the chlo-
rination process occurs in the absence of bromide ions. Regardless the slightly
higher DBP formation when using Microcystis aeruginosa some general com-
ments can be drawn for the three cyanobacteria under study.

The main DBPs formed upon chlorination of cyanobacteria suspensions
at pH 8 are THMs and HAAs, reaching concentrations of 35 + 0.12 and 29 + 3.6
mg/L, respectively, at 72 h. The only THM observed is chloroform, while the HAAs
are mainly constituted by DCAA and TCAA. In addition, THM and HAA concen-
trations increase over the time, an observation that is in agreement with the sta-
bility of these compounds in aqueous solutions under ambient conditions and
quasi-neutral pH values. In the case HANs, DCAN is the main DBP observed with
concentration values for the three cyanobacteria at pH 8 of about 0.97 + 0.55
mg/L after 72 h. Previous studies have shown that chlorination of free amino
acids leads to the formation of chloroform, DCAN and trichloroacetaldehyde as
main DBPs (Trehy et al., 1986). The absence of TCAN was attributed to its high
hydrolysis rate (Bond et al., 2011; Glezer et al., 1999).

As commented before, a decrease of the pH of the solution from 8 to 6.5
results in a general decrease about 15% of the chlorine demand. The influence
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of the pH during the chlorination is, however, strongly dependent on the DBP
nature. When the pH decreases from 8 to 6.5, the THM and HAA concentrations
are reduced about 50 and 20%, respectively.

Regarding HAN formation upon cyanobacteria suspension chlorination,
its concentration increases as the pH decreases for the three cyanobacteria from
0.97 £ 0.55 mg/L to 3.3 mg/L after 72 h. This observation agrees with previous
reports that observed a maximum HAN stability in water at pH 6.5, while an in-
crease of the pH decreases the HAN concentration due to their hydrolysis to their
corresponding haloacetamides (Chu et al., 2015; Glezer et al.,1999)). Haloacetam-
ides can be further hydrolyzed to their corresponding HAAs (Glezer et al., 1999).
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Fig. 4. DPB formation after one (1 d) or three (3 d) days for Anabaena aqueous
suspensions under chlorination without (a, b) or after pre-ozonation (c, d) as a
function of the pH and in the absence (a, c) or presence (b, d) of bromide ions.
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Legend panels a and c: THMs corresponds to TCM, HAAs correspond to DCAA
(bottom part) and TCAA (upper part), HANs correspond to DCAN. Legend panels
b and d: THMs (TCM-white, BDCM-cyan, CDBM-purple, TBM-blue), HAAs
(MCAA-yellow, MBAA-white, DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green,
DBAA-cyan, CDBAA-purple, TBAA-orange), HANs (DCAN-orange, TCAN-blue).
Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions (300 pg/L),
temperature (20 °C). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article)

Effect of the presence of bromide ions on DBP formation during chlorination
of the cyanobacteria as a function of the pH

In addition to the influence of the pH on DBP formation, the presence of
bromide ions is also an important factor. The general trend observed during wa-
ter chlorination is that the presence of bromide ions, even at microgram per liter
concentrations, increases the total DBP formation and results in the formation of
brominated DBPs. Figs. 3-5 summarize the results for the DBP formation from
the three cyanobacteria under study (10,000 cells/mL) in the presence of bromide
ions at 300 ug L' at both pH 8 or 6.5. As it can be seen there, the presence of
bromide ions increases the concentration of THMs at both pH 8 and 6.5 reaching
average values of 68.7 + 11.9 and 26.9 + 14.5 mg/L, respectively. In the case of
HAAs, the presence of bromide ions mainly favors the formation of brominated
HAAs with slight increase of the total concentration at both pH 8 and 6.5 with
average values of 60.7 + 5.0 and 40.2 + 1.6 mg/L, respectively. In the case of
HANs the presence of bromide ions also increases the total HAN concentration,
reaching values of 1.2 + 0.6 and 4.8 + 0.7 mg/L at pH 8 and 6.5, respectively,
while favoring the formation of brominated HANS.

Fig. 7 shows the bromide incorporated into THMs and HAAs during the
chlorination of the three cyanobacteria under study in the presence of bromide
ions at pH 8 and 6.5. As it can be seen there, the proportion of brominated THMs
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is between 90 and 70% a fact that agrees with the higher stability of brominated
methyl anions (CBrs") than chlorinated (CCls") ones (Navalon S. et al., 2008). In the
case of HAAs the proportion of brominated compounds is lower than in the case
of THMs especially at pH 6.5. It should be reminded that since HCIO pKa is 7.54,
it prevails at pH 6.5 in the acid form. Considering that HCIO is a stronger oxidant
than CIO", more oxidized and chlorinated compounds such as DCAA can be ex-
pected, as in the present case. This situation, i.e. the lower bromide incorporation
at pH 6.5 respect to pH 8, although in less extent, also applies for THMs.

When considering the possible differences in DBP distribution among the
three cyanobacteria under study as presented in Fig. 7, it has to be considered
that assuming a normal Gaussian distribution, the 95.5% level of confidence for
the lower and higher limit for a value corresponds to two times the standard
deviation (indicated for each bar). Therefore, there are certain data (as THM val-
ues shown in frame c of Fig. 7) that correspond to essentially identical statistical
values, while there are others, like formation of CHCI2Br in Oscillatoria tenuis that
is certainly below the values formed for the other two cyanobacteria.

In the case of Microcystis an additional chlorination was carried out at a
cyanobacteria concentration of 1,000,000 cells/mL in the presence of bromide
(300 pg/L). Formation of THMs, HAAs and HANs of about 143, 87 and 1.9 ug/L,
respectively (Fig. S1), was measured. Again, the formation of TCNM or HKs was
below the quantification limit.

Effect of pre-ozonation on DBP formation

The influence of pre-ozonation on DBP formation was studied at an
ozone dose of 1.6 mg/L. This ozone dose is in the average range typically em-
ployed in water treatment plants. The use of higher ozone dose can compromise
the possibility of using ozone to control DBPs, due to the oxidation of the natu-
rally occurring bromides to bromates. Bromate concentration is limited by most
drinking water regulations to the value of 10 pg/L (von Gunten, 2003). In this
work, bromate concentrations after ozonation have been always found below 4
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+ 0.7 ug/L. Moreover, a pre-ozonation of the cyanobacteria aqueous suspen-
sions under study decreases the chlorine demand respect to the chlorination
process (Fig. 2b). However, this chlorine demand decrease does not diminish the
concentration of all the DBPs considered in this study (THMs, HAAs, HANs, TCNM
or HKs) and in some cases these concentrations even increase significantly. It
should be noted that DBP formation occurs in the range of about 0.1 mg/L, while
chlorine consumption is one order of magnitude higher in the range of about 6
mg/L.

More specifically, a pre-ozonation followed by chlorination of the three
cyanobacteria under study results in an increase of THM formation both at pH 8
or 6.5 either with or without bromide ions up to 50% respect to the chlorination
process (Figs. 3-5). In the case of HAA formation from the three cyanobacteria
also at pH 8 or 6.5 in the presence of absence of bromide ions, the pre-ozonation
process does not significantly diminish and even sometimes slightly increases its
concentration. With these precedents, our work further exemplifies that a pre-
ozonation at doses commonly employed in the water treatment plants of the
three cyanobacteria under study working at relatively low cell concentrations
(10,000 cells/mL) working at either pH 8 or 6.5 with or without bromide ions
results in a significant increase of THMs and poor control of HAA concentration
that in sometimes increases.
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Fig. 5. DPB formation after one (1 d) or three (3 d) days for Oscillatoria aqueous
suspensions under chlorination without (a, b) or after pre-ozonation (c, d) as a
function of the pH and in the absence (a, c) or presence (b, d) of bromide ions.
Legend panels a and c: THMs corresponds to TCM, HAAs correspond to DCAA
(bottom part) and TCAA (upper part), HANs correspond to DCAN. Legend panels
b and d: THMs (TCM-white, BDCM-cyan, CDBM-purple, TBM-blue), HAAs
(MCAA-yellow, MBAA-white, DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green,
DBAA-cyan, CDBAA-purple, TBAA-orange), HANs (DCAN-orange, TCAN-blue).
Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions (300 pg/L),
temperature (20 °C). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article)
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Fig. 6. TCNM formation after 3 days upon pre-ozonation followed by chlorination
of the cyanobacteria suspensions as a function of the pH of the aqueous solution.
Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, temperature (20 °C).

The reasons for the observed increase of THMs and HAAs due to a pre-
ozonation of cyanobacteria aqueous suspensions still remain unknown. On one
hand, there is limited knowledge on how ozonolysis transforms complex biomol-
ecules such as those present in cyanobacteria (Sharma and Graham, 2010; von
Gunten, 2003). On the second hand, ozonation reaction conditions can deter-
mine the contribution of ozonolysis vs. radical mechanism with the generation
of hydroxyl radicals (von Gunten, 2003). Besides electrophilic attack of ozone,
this molecule can decompose in water, especially at basic pH values, into reactive
oxygen species, such as hydroxyl radicals, that can virtually react non-selectively
with any organic compound. Thus, further studies about the reactivity of ozone
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with natural complex biomolecules are necessary to understand the effect of the
pre-ozonation of cyanobacteria on THM and HAA formation.

In this context, some studies have reported the release of free amino ac-
ids upon oxidation of peptides and proteins by hydroxyl radicals and this release
should influence DBP formation (Liu et al., 2017). For instance, regarding peptide
reactivity, it has been reported that free tyrosine (Tyr) forms 74% more chloro-
form than Tyr-Tyr-Tyr peptide (Chu et al.,, 2015). The same study also found dif-
ferent chlorine reactivity towards THM formation of NH2- or COOH-terminated
peptide isomers such as tyrosine-alanine or alanine-tyrosine (Chu et al,, 2015).
Other study has reported that preoxidation of the amino acids leucine and serine
by a UV/H20: treatment followed by chlorination results in an increase of HAA
formation (Sakai et al., 2013). In this sense, the increase of HAA formation of pre-
ozonized cyanobacteria may be partially attributed to similar reaction pathways.
These results exemplify the complexity of chlorine reactivity for peptides.

Similarly to peptides, the reactivity of ozone with polysaccharides and the
consequences for DBP formation are difficult to predict (-Sharma and Graham,
2010). Only few studies have reported the production of THMs from mono- and
oligosaccharides. It seems that oligosaccharides such as maltopentose or malto-
triose produce higher THM amounts than the monosaccharide maltose (Navalon
et al., 2008). Other studies have reported that ozonolysis is able to depolymerize
polysaccharides containing B-D-aldosidic linkages (Wang et al., 1998). As in the
case of proteins, it is not possible to predict the effect of pre-ozonation on THM
formation in polysaccharides.

Fig. 7 shows that pre-ozonation increases significantly brominated THMs
at pH 8 without changing significantly the percentage of Br-DBP respect to the
THM total. Some reports using humic acids as DBP precursors have shown that
pre-ozonation results in a shift of DBPs towards brominated ones (Mao et al,
2014), but this is not the case of pre-ozonation of the aqueous suspensions of
the three cyanobacteria (Fig. 7c and d).
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Fig. 7. Bromide incorporation into THMs (a) or HAAs (b) and percentage of bro-
minated THMs (c) or HAAs (d) during the chlorination of Microcystis aeruginosa
(black bar), Anabaena aequalis (red bar) and Oscillatoria tenuis (blue bar) cyano-
bacteria under various reaction conditions as indicated. Cyanobacteria concen-
tration (10,000 cells/mL), chlorine dose (11 mg/L), ozone dose (1.6 mg/L), pH as
indicated, bromide ions (300 ug/L), temperature (20 °C). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article)

Regarding N-DBPs, while TCNM is not observed either at pH 8 or 6.5
when the aqueous suspensions of the three cyanobacteria were submitted to a
chlorination, its presence could be quantified after pre-ozonation and chlorina-
tion of the samples in the absence of bromide ions (Fig. 6). In agreement with
previous works (Hu et al., 2010), TCNM formation is favoured at basic pH values.
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The fact that TCNM is again not observed when pre-ozonation is carried out in
the presence of bromide ions is due to the formation of other NDBPs related to
TCNM, but containing bromide replacing to chlorine atoms (Hu et al., 2010).

A reasonable pathway to understand the formation of TCNM upon pre-
ozonation considers the release of free amino acids due to oxidation of peptides
and proteins by hydroxyl radicals (Liu et al., 2017), followed by decarboxylation
of the amino acid and subsequent halogenation of the resulting amines (Le
Lacheur and Glaze, 1996). In this regard, it has been reported that ozone pro-
motes TCNM formation by oxidizing amines to nitro compounds that subse-
quently undergo chlorination to halo nitro compounds (Fig. 8b) (McCurry et al.,
2016). This effect has also been reported when using natural waters(Bond et al.,
2011). The higher TCNM formation at basic pH values would be due to the easier
oxidation of deprotonated amino groups to nitro groups. In addition, basic pH
values favor the partial O3 decomposition to hydroxyl radicals that are better
oxidizing reagents promoting the conversion of amino to nitro groups.
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Fig. 8. Proposed reaction pathway for generation of halonitroalkanes upon pre-
ozonation and chlorination of amino acids and amines. Adapted from ref.

(McCurry et al,, 2016).
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In accordance to the mechanism leading to TCNM, formation of this DBP
after pre-ozonation would occur at the expense of a decrease in the concentra-
tion of HANSs. Oxidation of the a-carbon to the nitrile by ozone would hamper0
its chlorination.

3.4 Conclusions

The influence of the presence of three common cyanobacteria commonly
encountered in fresh waters, namely Microcystis aeruginosa, Anabaena aequalis
and Oscillatoria tenuis at relatively low cell concentration (10,000 cells/mL) on
DBP formation depending on the pH and pre-ozonation has been studied. Cya-
nobacteria chlorination results in the formation THMs and HAAs as main CDBPs,
accompanied by minor amounts of N-DBPs such as HANs and absence of HKs
and TCNM. Basic pH values increases formation of THM and in less extent HAAs,
decreasing HAN concentration. The presence of bromide ions increases THM and
HAN concentrations, while the formation of HAAs is promoted in less extent.

Pre-ozonation (1.6 mg/L O3) of the aqueous suspensions containing the
three cyanobacteria under study was carried out under conditions in which bro-
mate formation (4 + 0.7 ug/L) is below the maximum legal concentration (10
Mg/L). Pre-ozonation increases THM formation and generates TCNM, while has
minor influence on HAA formation. In contrast, this oxidation process decreases
HAN formation.

In summary, the present work shows that common cyanobacteria present
in freshwaters are important DBP precursors and preozonation is not a general
method to decrease the main C- and N-DPBs.
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3.6 Supplementary material

Section 1. Cyanobacteria aqueous suspension preparation

The preparation of cyanobacteria stock solutions were carried out by simply
dilution of the quantified supplied suspensions. The cell concentration was fur-
ther confirmed following the UNE-EN15204:2007 entitled Guidance standard on
the enumeration of phytoplankton using inverted microscopy (Uterméhl tech-
nique).

Section 2. Pre-ozonation and chlorination experiments

The pH of the cyanobacteria stock solutions has been adjusted to 6.5 and 8.0
with HNOs or NaOH solutions in the presence of a phosphate buffer (10 mM).

For ozonation experiments, 200 mL of the cyanobacteria aqueous solutions
at pH 8 were introduced in a glass reactor (300 mL) were the generated ozone
was introduced through a gas diffusion glass membrane into the bottom part.
Ozone was generated from dried air using a commercially available corona dis-
charge ozone generator with a production of maximum capacity of 140 mg/h.
An ozone dose of 1.6 mg/L was supplied to the cyanobacteria aqueous solution
and the sample allowed to react for 2 h.

Chlorination experiments of the cyanobacteria solutions, regardless pre-ozo-
nized or not, were carried out in capped amber bottles (100 mL) under head-
space-free conditions at 20 °C. In some case, the pH of the ozonated cyanobac-
teria was adjusted to pH 6.5 using an agueous HNOs solution. The reactions were
initiated by adding an aliquot of chlorine stock solution to the buffered cyano-
bacteria solutions in the presence or absence of bromide ions. After 24 and 72 h
one aliquot was withdrawn for the analysis of residual chlorine. Then, the chlo-
rination was stopped by reducing the residual chlorine with thiosulfate (0.1 g).
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Each experiment has been carried out at least in triplicate. The data pre-
sented in this work corresponds to the average value and standard deviation of
the replicate experiments.

Section 3. Analytical methods

Total organic carbon (TOC) was determined with a High-TOC Elementar |I
analyzer. Free chlorine was analyzed spectrophotometrically by N,N-diethyl-1,4-
phenylenediamine (DPD) method monitoring at 515 nm (ISO 7393-2:1985) on a
UV-Vis spectrophotometer (Perkin Elmer).

Bromate ions were determined using a Metrohm ion-chromatography
equipped with a conductivity detector. The stationary phase was a polyvinyl al-
cohol with quaternary ammonium groups column. A metrosep A Supp 1 guard
column was also employed. The mobile phase employed for the analyses was a
basic aqueous solution (3.2 mM Na2CO3 / 1.0 mM NaHCO3; mM).

THM concentration was determined by analysis of the head gas of the vials
with GC-ECD (Chromatograph Thermo scientific Trace GC Ultra equipped with
an electron capture detector and Thermo Finnigan autosampler HS 2000) follow-
ing the procedure of the UNE-EN ISO 10301 standard. Briefly, a sample aliquot
(10 mL) was transferred into 20 mL vials containing 0.1 g of sodium chloride to
facilitate the extraction of THMs and 0.1 g of sodium thiosulfate to stop the effect
of chlorine and, then, analyzed by headspace gas chromatography. Then, the vial
was heated at 50 °C for 45 min and, then, 0.5 mL of the headspace injected in
the gas chromatograph using He as carrier gas (85 kPa), and Nz as make up gas
(110 kPa) in a DB.624 capillary column (30 m, crosslinked 5% phenyl methylsili-
cone), injecting 0.4 ml of the headspace. The injection and detector temperatures
were 220 and 330 °C, respectively. The GC oven temperature program starts at
50 °C, holding this temperature for 1 min and then increasing it at a rate of 3
°C/min up to 180 °C and subsequently at a rate of 10 °C/min up to 210 °C.
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HAN and HKs analyses are based on the EPA method 551.1. Briefly, the sam-
ples (30 mL) were transferred to 60 mL extraction vials and then and then potas-
sium phosphate buffer with ammonium chloride (5 ml), MTBE fortified with
1,2,3-trichloropropane as internal standard (3 mL) and anhydrous sodium sulfate
(10 g) were added. The vials were shacked using a vortex for 4 min and, then,
allowed for phase separation. The organic phase was analyzed on a GC-ECD in-
strument. A DB624 column was employed as stationary phase. The GC program
was: 35 °C for 20 min, 25 °C/min to 145 °C and hold for 10 min, 35 °C/min to
250 °C and hold for 10 min. The injector and detector temperatures were set at
220 and 330 °C, respectively.

HAAs were determined following the EPA method 552.3. For HAA analyses,
the samples (40 ml) were transferred to 60 ml extraction vials were H2SOs() (2
mL) and sodium sulfate (18 g) were added. Then, MTBE (3 mL) and NaCl (8 g)
were added. The vials were shacked using a vortex for 5 min and, then, submitted
to phase separation. The organic phase was transferred to a borosilicate glass
tube (10 mL) and, then, methylation was performed by addition of a
H2S04/MeOH solution (1 mL, 10 %), heating the samples in a water bath for 2 h
at 50 °C. Then, the samples were cooled down to room temperature and
quenched with a saturated bicarbonate aqueous solution (4 mL). The organic
phase was analyzed in a GC-ECD equipped with a DB-1 column. The GC temper-
ature program was: 35 °C for 6 min, 10 °C/min to 220 °C and dwelling time of 0
min. The injector and detector temperatures were set at 200 and 300 °C, respec-
tively.

85



Chapter 3. DBPs from cyanobacteria by chlorination with/without ozonation

Microcystis (1,000,000 cells/mL) + CI, + Br

150 THMs

125
100 HAAs
(@]
= ]
C
O 7541
© l
€
8 504
c
[e)
o

25 -

THMs
0 T T T T T T T T T I
1d 3d 1d 3d 3d

DBP formation

Figure S1. DPB formation from Microcystis aeruginosa aqueous suspensions un-
der chlorination at pH 8 in the presence of bromide ions. Legend: THMs (TCM-
white, BDCM-cyan, CDBM-purple, TBM-blue), HAAs (MCAA-yellow, MBAA-white,
DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green, DBAA-cyan, CDBAA-purple,
TBAA-orange), HANs (DCAN-orange, TCAN-blue). Reaction conditions: Cyano-
bacteria concentration (1,000,000 cells/mL), chlorine dose (18 mg/L), ozone dose
(1.6 mg/L), pH 8, bromide ions (300 pg/L), temperature (20 °C).
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Table S1. DPB formation after one (1 d) or three (3 d) days for Microcystis aque-
ous suspensions under chlorination without or after pre-ozonation as a function
of the pH and in the absence or presence of bromide ions.?

DBP C|2 C|2 + Br C|2 + O3 C|2 + Br + O3
Ave- ob Ave- o Ave- o Ave- o
rage Hg/L rage ug/L rage ug/L rage Hg/L

(Hg/b) (Hg/L) (Hg/L) (Hg/b)
THMs | pH 8, 14.8 1.9 485 35 22.0 1.8 36.5 2.8
(Mg/L) | 1d
pH 8, 40.2 49 814 39 63.1 2.8 102 3.2
3d
pH 6.5, 8.0 0.8 53 3.1 16.3 2.1 26.9 2.1
1d
pH 6.5, 15.8 3.0 35.3 2.8 38.5 1.6 75.7 3.1
3d
HAAs | pH 8, 16.1 19 27.0 33 21 1.1 25.6 2.5
(Ho/b) | 14
pH 8, 391 2.9 46.0 38 39.1 2.2 493 3.1
3d
pH 6.5, 15.4 2.1 24.5 3.2 20.7 0.8 204 2.0
1d
pH 6.5, 32.8 2.8 413 2.9 179 1.0 46.0 3.0
3d

HANs | pH 8, 0.6 0.5 1.8 0.9 04 0.3 1.5 0.5

(Mo/l) | 34

pH 6.5, 33 1.1 4.0 1.1 2.5 0.5 2.0 0.5
3d

@ Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions (300 pg/L),
temperature (20 °C).

bStandard deviation
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Table S2. DPB formation after one (1 d) or three (3 d) days for Anabaena aque-
ous suspensions under chlorination without or after pre-ozonation as a func-
tion of the pH and in the absence or presence of bromide ions.?

DBP C|2 C|2 + Br C|2 + O3 C|2 + Br + O3
Ave- a® Ave- o ug/L Ave- o Ave- o
rage | g/L rage rage Hg/L rage Hg/L
Mg/L (Hg/L) (Hg/L) (Hg/L)

THMs | pH8, | 121 | 29 32.6 2.8 30.2 3.0 36.7 | 2.8
(Ma/D) | 14

pH8 | 350 | 29 553 35 459 4.2 818 | 3.9

3d
pH6.5, | 1.5 1.1 10.1 2.1 9.5 2.1 330 | 30
1d
pH6.5, | 143 | 25 353 2.6 394 2.5 706 | 3.5
3d

HAAs | pH 8 | 139 | 26 15.0 2.7 13.9 4.1 171 | 3.1
(Mg/L) | 1d

pH 8 133.0| 3.9 43.2 35 33.0 4.9 421 | 39

3d
pH6S, | 133 | 2.8 14.5 1.9 133 3.5 148 | 2.7
1d
pH6S5, | 215 | 3.5 40.9 3.1 214 4.3 332 | 34
3d

HANs | pH 8 1 0.04 | 0.5 0.5 0.9 0.5 0.3 2.0 0.5
(ug/L) | 3d

pH6.5, | 3.2 1.0 3.1 0.8 0.7 0.5 44 0.9
3d

2 Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions (300
ug/L), temperature (20 °C).

bStandard deviation
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Table S3. DPB formation after one (1 d) or three (3 d) days for Oscilatoria aqueous
suspensions under chlorination without or after pre-ozonation as a function of the
pH and in the absence or presence of bromide ions.?

DBP Cly Cl, + Br Clr + O3 Cl, + Br + O3
Ave- ob Ave- o Ave- o Ave- o
rage | pg/L rage Hg/L rage Hg/L rage Hg/L
ug/L hg/L ng/L ng/L

THMs | pH 8, 13.1 2.1 26.2 3.2 30.7 3.5 48.3 2.9
(Ha/b) | 14
pH 8, 35.0 4.4 2.5 4.1 41.2 49 85.5 3.2
3d
pH6.5, 3.1 1.5 62.5 19 8.4 19 17.1 4.1
1d
pH6.5, 10.5 3.0 12.8 2.1 26.2 2.8 55.6 3.0
3d
HAAs | pH 8, 119 2.1 25.6 2.6 16.8 2.0 214 3.2
(Ha/b) | 14
pH 8, 353 4.4 42.8 3.5 39.2 1.9 55.2 4.1
3d
pH6.5, 9.1 2.1 22.1 2.1 13.8 2.9 20.8 2.2
1d
pH6.5, 29.9 2.5 394 2.9 33.7 3.5 453 3.6
3d
HANs | pH 8, 0.5 04 0.9 0.5 0.5 0.5 0.7 0.7
(Ho/b) | 3¢
pH6.5, 0.7 1.1 5.1 19 0.7 0.9 2.4 0.6
3d

2 Reaction conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine
dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions (300
ug/L), temperature (20 °C).

bStandard deviation
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Chapter 4

Engineering of activated carbon

surface to enhance the catalytic activity
of supported cobalt oxide nanoparticles in

peroxymonosulfate activation

4.1 Introduction

Advanced oxidation processes (AOPs) are a class of chemical treatments for
pollutant remediation in soil [1,2], water [3-5] and air [6]. The aim of AOPs is the
generation of highly aggressive radicals such as HO, HOO or SO4 ~ that able to
attack virtually any organic contaminant in aqueous media triggering their aer-
obic degradation and, eventually, their mineralization [5,7]. In the field of waste
water treatments AOPs are frequently employed to degrade recalcitrant, toxic
and/or non-biodegradable compounds that cannot be treated using conven-
tional biological water treatments [8]. One of the AOPs with easiest implemen-
tation is the (photo)Fenton reaction that employs Fe(ll) salts and H20: at acidic
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pH ("3) to generate hydroxyl radicals from H202 [3,5]. One of the main drawbacks,
however, of the (photo)Fenton reaction is the need of acidic pH values in order
to avoid iron precipitation. The use of acidic pH values is also beneficial for H20:
stability since at basic pH values it decomposes spuriously to Oz without gener-
ating HO radicals. An alternative AOP treatment that is less pH dependent based
on the Co(ll) ions as homogeneous catalyst to activate peroxymonosulfate (PMS)
to generate sulfate radicals (SO47) [9-11]. It is worth to mention that in compar-
ison to Fe(ll), Co(ll) ions remain soluble in aqueous solutions at pH values below
9.4 [9,10]. Importantly, PMS can operate efficiently at higher pH values including
neutral aqueous solutions [9]. At basic pH values PMS decomposition occurs
spontaneously at high rates without the need of any catalyst, the challenge being
at room temperature developing catalyst for pH values below 7 [11,12]. Sulfate
radicals have an oxidation potential fairly independent on the pH value of about
2.5-3.1 Vs standard hydrogen electrode, while, in contrast, the redox potential
of hydroxyl radicals is strongly dependent of the pH ranging from 1.8 to 2.7 [10].
In addition, sulfate radicals have a longer half-life (30-40 ps) compared to hy-
droxyl radicals (1 ps) [10].

Regardless the good pollutant degradation efficiencies achieved using
the commented homogeneous AOPs under optimal reaction conditions, practi-
cal applications are limited due to the need of removal from the treated waters
of dissolved transition metals employed in the process to avoid negative envi-
ronmental impacts and risks for the human health [4,5,10,11]. Cobalt concentra-
tion is typically limited in drinking water to values lower than 50 pug L' [11]. The
removal of the transition metal ions is generally carried out by precipitation with
the disadvantage of needing further addition of chemicals and the subsequent
sludge formation. Furthermore, in order to accomplish the water quality regula-
tions, the removal of these transition metal ions should be done at levels below
micrograms per liter [13]. These reasons, strongly limit the practical applications
of homogenous AOPs using transition metals other than Fe.

In order to solve these problems, heterogeneous catalytic AOPs have
been developed [10,11,14-16]. Frequently, metal or metal oxide NPs are sup-
ported on a high surface area insoluble material, allowing the easy recovery and
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immobilization of the transition metal [10,11,14,15]. In this context, cobalt spe-
cies are among the most catalyst for PMS activation, leading to the generation
of oxyl radicals [17-24]. Recently, nanocarbon materials have also been em-
ployed as heterogeneous carbocatalysts for PMS activation [25,26].

However, in spite of the advances done in the field of heterogeneous
cobalt-based catalysts for PMS activation, there still remain some challenges to
increase further the activity and stability of the catalysts. Among these chal-
lenges, those dealing with the preparation of small metal NPs and their stabili-
zation through a strong interaction with the support are crucial to obtain highly
efficient and stable materials [10,11,27].

The present work shows the importance of an adequate surface function-
alization of activated carbon to support small, active and stable cobalt oxide NPs
able to activate PMS at neutral or acidic pH values. In this way, efficient hetero-
geneous catalyst promoting phenol degradation at neutral and acidic pH values
as aqueous model pollutant has been obtained. The highest activity has been
determined for the catalyst having the smallest cobalt oxide NPs. Thus, it will be
shown that commercial active carbon functionalized by HNOs acid treatment un-
der optimal conditions is a suitable support to deposit small cobalt oxide NPs
with enhanced catalytic activity. In contrast, activated carbon functionalization
with a controlled thermal oxidation results in a catalyst with lower activity due to
the bigger cobalt oxide NPs are formed. The influence of the cobalt oxidation
state on the resulting catalytic activity has been also evaluated, observing that
cobalt oxide NPs are more active than reduced cobalt. Importantly, the activated
carbon supported cobalt oxide catalyst can be reused at least eight times at neu-
tral pH and room temperature without observing neither loss of catalytic activity
nor metal leaching. Selective quenching experiments and electron paramagnetic
resonance (EPR) spectroscopic study prove that PMS activation using the sup-
ported cobalt oxide catalyst generates hydroxyl radicals.
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4.2 Experimental section

4.2.1 Materials

Oxone® (potassium peroxymonosulfate, PMS) (KHSOs-1 / 2KHSOa4-1/ 2K2SQOa,
MW 307.38), commercial activated carbon (AC, Norit SX Ultra, ref. 53663),
Co(NO3)2:6H20 (> 99.999% purity), Co30s nanopowder (<50 nm particle size
based on transmission electron microscopy measurements) and phenol (>99.5%
purity based on gas chromatography analysis) were supplied by Sigma-Aldrich
(Madrid, Spain). Other reactants or solvents employed were analytical or high-
performance liquid chromatography (HPLC) grade and they were also supplied
by Sigma-Aldrich (Madrid, Spain).

4.2.2 Methods

Commercial activated carbon functionalization by nitric acid

Briefly, commercial AC (1 g) was dispersed in concentrated nitric acid
(65%, 25 mL) in a round-bottom flask (100 mL) and the system heated at 83 °C
for 24 h. Once the system was cooled down to room temperature, the suspension
was transferred to two centrifuge tubes (20 mL each) and, then, the suspension
centrifuged at 14,000 rpm for 20 min. Then, the supernatant liquid was disposed
in an appropriate acid liquid residue container. Subsequently, the centrifuge
tubes containing the solid sample were filled with Milli-Q water (20 mL each) and
dispersed using a laboratory Vortex mixer. Several consecutive centrifugation-
redispersion washings with Milli-Q water were performed until the pH of the su-
pernatant was neutral. Finally, the solid was dried in an oven at 100 °C for 24 h
and the sample labelled as ACN.

AC functionalization by thermal treatment

Briefly, commercial AC (200 mg) placed in a ceramic crucible was heated
(7 °C min™") in an oven under static air up to 420 °C and, this temperature was
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maintained for 2 h. Then, the sample was cooled down to room temperature and
labelled as ACT.

Deposition of cobalt NPs on the AC supports (Co/ACs)

Cobalt NPs were supported on commercial AC, ACN and ACT solids by
using the polyol method [28]. Briefly, the corresponding active carbon support
(200 mg) placed in a round-bottomed flask (250 mL) was suspended with eth-
ylene glycol (80 mL). Activated carbon was dispersed in ethylene glycol by soni-
cation for 20 min. Subsequently, the flask was placed in a heat-on block and
magnetically stirred. Then, the appropriate amount of cobalt salt dissolved in
water (1 mL) was added to the suspension to achieve the required metal loading
(0.2 or 1 wt%) and the system was heated at 85 °C for 4 h under magnetic stirring.
After cooling the system at room temperature, ethanol (80 mL) was added to the
flask containing the solid catalyst in ethylene glycol to favor solid sedimentation
during centrifugation. Then, the mixture was transferred to eight centrifuge tubes
(20 mL each) and centrifuged at 14,000 rpm for 20 min. At this time, the super-
natant was removed, additional ethanol (20 mL per centrifuge tube) was added
and the sediment redispersed using a Vortex mixer. This process was repeated
four times using Milli-Q water as solvent. Finally, the sediment in each centrifuge
tube was suspended again using Milli-Q water (20 mL) and the dispersion placed
in a round-bottomed flask (250 mL). The flask was frozen using liquid nitrogen
and, then, freeze-dried using a lyophilizer (Telstar LyoQuest). The resulting sam-
ples were labelled as Co/AC, Co/ACN or Co/ACT. These solid samples (200 mg)
were further oxidized in an oven under static air at 180 °C for 2 h and the samples
labelled as Coox/AC, Coox/ACN or Coox/ACT. Analogous Feox or Cuox supported
on ACN catalysts were also prepared using this methodology employing Fe
(NO3)-7H20 or Cu(NO3)2 salts as metal precursors.

Unsupported cobalt oxide NPs were prepared by reduction of an aque-
ous solution (25 mL) containing cobalt nitrate hexahydrate (10 mg mL™") using
10-fold excess of NaBHa4 as reducing agent. Although the primary particle size
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could be smaller, the solid agglomerate into larger particles that can be recov-
ered by filtration (0.2 um Nylon filter) and washed with distillated water (500 mL).
Finally, the solid was placed in an oven and heated at 180 °C for 2 h.

4.2.3 Catalyst and activated carbon characterization

Powder X-ray diffractograms (PXRD) were collected by using a Philips X-
Pert diffractometer equipped with a graphite monochromator operating at 40
kV and 45 mA that employed Ni-filtered CuKa radiation. FTIR spectra were meas-
ured by using a Bruker Tensor 27 FT-ATR instrument. Prior to recording the FTIR
spectra the samples were dried in an oven for 24 h at 80 °C, then, equilibrated at
room temperature before the measurements. A Perkin ElImer CHNOS analyzer
was employed for combustion elemental analysis. Temperature-programmed
desorption (TPD) coupled to a mass-spectrometer (TPD-MS) analyses of the ac-
tive carbons (100 mg) were carried out in a Micrometer Il 2920 connected to a
quadrupolar mass-spectrometer measurements were carried out by heating the
sample from room temperature to 900 °C at 10 °C min~". Xray photoelectron
spectroscopy (XPS) measurements were performed on a SPECS spectrometer
with an MCD-9 detector using a monochromatic Al (Ka=1486.6 eV) X-ray source.
CASA software has been employed for spectra deconvolution setting at 284.4 eV
[29] the C1s peak as reference. Isothermal N2 adsorption measurements were
carried out using a ASAP 2010 Micrometrics apparatus. The metal loading (Co,
Fe or Cu) on the ACs was determined by inductively coupled plasma combined
with optical atomic emission spectroscopy detection (ICP-OES). Cobalt leaching
was assessed by ICP-OES in the liquid reaction phase after removal the solid cat-
alyst at the end of the reaction. A JEOL JEM-2100F instrument operating at 200
kW under dark-field scanning transmission electron microscopy (DF-STEM) was
employed for metal particle size estimation measuring the dimensions of more
than 200 particles. Microanalysis of the particles was performed by using an EDX
detector (Oxford instrument) coupled to the DF-STEM measurements.
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4.2.4 Catalytic activity and reaction analysis

Catalytic experiments were carried out at least in duplicate. Briefly, the re-
quired amount of catalyst was added to a round-bottomed flask (500 mL) con-
taining an aqueous phenol solution (100 mL; 100 mg L™"; 1.06 mM). In order to
achieve a good catalyst dispersion in the aqueous reaction medium and the sys-
tem was sonicated (450 W) for 20 min analogously to previous reports [30]. The
initial pH of the suspension was adjusted to the required value using aqueous
solutions of NaOH (0.1 M) except for pH values below 6 were H2SO4 (0.1 M) was
employed. If necessary, the flask was placed in a heat-on block and heated at the
required temperature. The corresponding amount of PMS dissolved in water (1
mL) at the corresponding pH value was added. During the course of the reaction
the pH frequently was adjusted at the required value by addition of H2SO4 (0.1
M) or NaOH (0.1 M). During the course of the reaction several aliquots (2 mL)
were taken and immediately filtered (Nylon filter 0.2 um). Then, to each filtered
reaction aliquot ten microliters of dimethylsulfoxide (DMSO) were added to
qguench the oxidation reaction.

In order to study the reusability of the catalyst, the catalytic reaction was
carried out as commented above but using a round-bottomed flask of 1 L con-
taining the aqueous phenol solution (600 mL; 100 mg L™"; 1.06 mM). It should be
commented that the use of this reaction volume allows to perform the sampling
for both PMS and phenol analysis (about 2 mL each reaction aliquot) as well as
recover the catalyst for at least eight consecutive reaction cycles. Thus, after each
catalytic cycle the solid was recovered at the end of the reaction by filtration
using a nylon membrane (0.2 pm), washed with a NaOH aqueous solution (pH
10) and then Milli-Q water to remove possible adsorbed organic or inorganic
substances. It should be noted that previous studies on phenol degradation have
confirmed that basic washings remove completely all the organic matter from
phenol degradation [31]. Then, the catalyst was employed in a new catalytic cy-
cle.

Productivity tests were carried out using large amount of phenol (10 g L™,
106.4 mM) and PMS (280 g L™"; 911 mM) with respect to the catalyst (200 mg
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L™"; 0.0067mM of supported cobalt) at pH 7 and 20 °C. The catalyst was reused
under these concentrations several times as previously described.

Analysis of phenol, catechol, hydroquinone and p-benzoquinone. Previously
filtered reaction aliquots (Nylon filter 0.2 pm) were analyzed by reverse-phase
liquid chromatography. The injected volume of the sample was 200 pL. A Kro-
masil-C18 column was employed as stationary phase. Elution was carried out
under isocratic conditions (69:30:1 vol% H20/CHsCN/CH3COOH). The system
used a photodiode array as detector. The samples from the productivity test were
diluted 100-fold in Milli-Q water before analysis. The wavelengths for the detec-
tion of phenol, hydroquinone, catechol and p-benzoquinone were 209, 221, 230
and 245 nm, respectively.

Total organic carbon (TOC) analysis. A High-TOC Elementar Il analyzer was
employed for TOC measurements of previously filtered aqueous reaction ali-
guots. The method is based on the complete combustion of the organic matter
present in the aqueous sample at 950 °C catalyzed by Pt and quantification of
evolved CO:z gas by quantitative IR spectroscopy.

PMS measurements. PMS concentration was measured using a spectropho-
tometric method [32]. Briefly, a previously filtered reaction aliquot (0.5 mL) was
diluted with Milli-Q water (100 mL). Then, 5 mL of the diluted reaction aliquot
was mixed with a Kl solution (0.5 mL, 2 mg/mL) and allowed to react for 10 min
before measuring its absorbance at 360 nm.

EPR measurements. EPR spectra were recorded using phenyl tertbutyl
nitrone (PBN) as spin trapping agent under the following reaction conditions:
catalyst (200 mg L™", 0.0067mM of supported cobalt), PBN (1,000 mg L™"), PMS
to PBN molar ratio 1, pH 7, reaction time (5 min). Previously filtered (0.2 um) and
nitrogen-purged aliquots were measured in a Bruker EMX spectrometer using
the following typical settings: frequency 9.803 GHz, sweep width 3489.9 G, time
constant 40.95 ms, modulation frequency 100 kHz, modulation width 1 G, and
microwave power 19.92 mW.

Radical quenching experiments. Selective radical quenching experiments
were carried out under the following conditions. Firstly, the catalyst (200 mg L™";
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0.0067 mM) was added to a round-bottomed flask (500 mL) containing an aque-
ous phenol solution (100 mL, 100 mg L™"). Then, the pH of the reaction system
was adjusted to 7 using a NaOH aqueous solution (0.1 M). Then, the quencher
agent namely DMSO (0.647 mL), methanol (0.4 mL) or tert-butanol (0.94 mL) was
added to the phenol solution (100 mL) achieving a concentration of about 1 M.
After that, the system was sonicated for 20 min. Then, the system was placed in
a heating plate and magnetically stirred. Finally, PMS (280 mg dissolved in 1 mL
and adjusted at pH 7) was added to the flask. The radical quencher to PMS molar
ratio is about 10.

4.3 Results and discussion

4.3.1 Support preparation and characterization

The use of carbonaceous materials as metal NP supports is one of the
main areas of research in heterogeneous catalysis [15]. In this sense, some ex-
amples have shown that the chemical composition, the textural properties and
the groups on the surface of the carbonaceous materials determine the resulting
metal particle size distribution and, therefore, the catalytic activity [27]. With
these precedents in mind, our work starts with the functionalization of commer-
cial activated carbon (Norit), referred as AC, by chemical [33,34] or thermal oxi-
dative treatment [30]. The chemical functionalization of the activated carbon
consists in a liquid phase oxidation of AC by nitric acid resulting in a sample
labeled as ACN. The thermal functionalization method consists in submitting AC
to an aerobic oxidation in static air at 420 °C in an oven. The thermogravimetric
analysis of commercial AC solid (Fig. S1a) shows that the sample starts to un-
dergo combustion at about 500 °C. Since the purpose of the thermal treatment
is the functionalization of the commercial AC with oxygen functional groups a
lower temperature was chosen in accordance to analogous previous reports [30].
The presence of oxygen in the treatment is expected to cause the partial oxida-
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tion of the most external layers of AC resulting the generation of hydroxyl, car-
bonyl and carboxyl functional groups. This partial oxidation will be easily con-
firmed by chemical analysis (Table 1) and the mineralization degree of the ther-
mal functionalized AC sample was less than 3 wt%. In accordance with this
treatment, Raman spectra do not show a decrease in the defect density. This
sample is labelled as ACT. The three samples (AC, ACT and ACN) were character-
ized by combustion elemental analysis, FT-IR and Raman spectroscopy, isother-
mal Nz adsorption, XPS, TPD-MS, XRD and SEM.

Table 1. Textural properties and elemental analysis of the active carbons employed as catalyst support.
C (%) C/H molar ratio C/O molar ratio BET surface area Pore volumen
(%) (%) (m?g™) (cm® )
AC 76.7 143 45 880 0.32
ACN 58.3 54 2.0 710 0.26
ACT 74.3 14.9 4.0 1040 0.35

Elemental analysis data show that the oxidative treatment of AC using
HNOs is more effective to increase the oxygen content of the carbon than that
based on the thermal treatment (Table 1). In particular, the chemical treatment
using HNO;s affords a high decrease of carbon content together with a concom-
itant increase in oxygen content compared to ACT sample. A small increase of
elemental nitrogen in the ACN sample (1.0 wt%) respect to the commercial AC
sample (0.3 wt%) was also observed and attributed to the functionalization with
nitrogen oxide species [33,34]. Isothermal N2 adsorption (Figs. S1-S3) of the ACs
reveals that, regardless the observed variations respect to AC, the resulting car-
bonaceous samples exhibits surface areas and pore volumes higher than 700 m?
g 'and 0.26 cm? g7', respectively. The lower values observed for the ACN sample
can be attributed to space required to accommodate a large density of oxygen-
ated functional groups within the pores of the solid.

Raman spectroscopy of the three AC samples shows the characteristic
vibrations modes due to the stretching of sp? carbons at 1597 cm™" (G band),
occurrence of disordered structure at 1317 cm™" (D band) and the stacking of
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the sp? network layers at 2567 cm~" (2D band) (Fig. 1a) [35]. Functionalization of
AC sample by thermal or chemical methods results in an increase of the defect
population as revealed by the increase in the intensity of D respect to G band
[35]. FT-IR spectroscopy of the functionalized activated carbons shows an inten-
sity increase of the peaks appearing at 1725 cm™" and 1160 cm™" attributable
C=0 and C-O stretching bands, respectively, as well as the band appearing at
1560 cm™' corresponding to the presence of conjugated unsaturated C=C bonds
(Fig. 1b) [34,36]. All these observations are in agreement with the increase of
oxygen content observed by elemental analysis.
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Fig.1. Raman (a) and FT-IR (b) spectra of AC (a), ACT (b) and ACN (c) materials.

The three ACs were further analyzed by TPD (Fig. 2a) and TPD-MS (Fig.
2b and c) measurements under inert atmosphere. In particular, the TPD-MS al-
lows identification by mass spectrometry of H20 (m/z 18), CO (m/z 28) and CO2
(m/z 44) [34]. AC functionalization by HNOs resulted in the introduction of a large
variety of oxygen functional groups including carboxylic acids, lactones, anhy-
drides, phenolic, carbonyls, ether and quinone among other possible [34,36]. In
the case of AC functionalization by an oxidative thermal treatment at 420 °C the
resulting ACT solid results mainly functionalized with phenol, carbonyl and qui-
none moieties, probably because most of carboxylic acid moieties are unstable
at the temperatures of the thermal treatment (420 °C) or they are not formed
[34,36].
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The surface of the carbonaceous materials was evaluated by XPS analyses
(Figs. 3 and S5) [34]. As expected, AC oxidation by chemical or thermal treat-
ments resulted in a shift of the C1s signals at higher binding energies indicating
the oxidation of the carbon surface. In the case of O1s, an increase of the signal
intensity for ACN sample or a shift to higher binding energies in the case of ACT
agree with a different level of oxidation of AC sample, depending on the treat-
ment. These observations agree with the generation of different oxygen func-
tional groups. The oxidation of the AC by chemical or thermal treatment as well
as the increase of acidic oxygen functional groups was verified by measuring the
pH of aqueous suspensions of AC, ACT and ACN (10 mg mL™") corresponding to
the values of 6.5, 4.8 and 3.6, respectively.

PXRD of the ACs samples reveals that the structure is maintained after
the functionalization of the commercial AC. The diffractograms show the two
main characteristic broad bands of activated carbons appearing at around 20 23
and 43° associated with the diffraction from the 002 and 100/101 planes in
graphite, respectively (Fig. S4) [37]. SEM images show that the morphological
structure is somehow preserved, but as the functionalization degree increases
(ACN > ACT) the roughness of the AC surface increases (Fig. S6).
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Fig.3. XPS C1s (a) and O1s (b) peaks of AC (1, black line), ACT (2, red line) and
ACN (3, blue line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article)

4.3.2 Metal supported on ACs

Deposition of cobalt NPs on the three activated carbons (AC, ACT and
ACN) was carried out using the well-known polyol method [28,38]. In order to
study the influence of the cobalt oxidation state on the catalytic activity for PMS
activation, the Co NP supported on AC samples were further submitted to an
aerobic oxidation under static air at 180 °C for 2 h. Several works have shown the
influence of the cobalt oxidation state on PMS activation [10,11]. Table 2 sum-
marizes the list of catalysts employed in the present work, including metal load-
ing, average particle size distribution, standard deviation obtained from TEM
measurements (Figs. 4, S7-S9) and the initial reaction rates for PMS activation
and phenol degradation.
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Table 2. Summary of the analytical and activity data for the catalysts prepared in the
present work indicating metal loading, metal average particle size distribution and ini-
tial reaction rate for PMS degradation (ro_PMS) and phenol decomposition (ro_phenol).
Entry Catalyst Metal Average metal particle | ro_PMS ro_phenol
loading size and standard devi- | (mM by | (mM h')
(wt%) ation (nm)
1 Co/ACN 0.2 29+0.14 16.07 2.44
2 Co/ACT 0.2 3.3+0.17 10.55 3.38
3 Co/AC 0.2 4.1+£0.23 8.91 3.94
4 Coox/ACN | 0.2 4.7 +£0.05 23.84 4.52
5 Coox/ACT 0.2 7.9+0.26 21.22 5.25
6 Coox/AC 0.2 9.1+0.25 12.51 6.40
7 Coox/ACN 1.0 5.8+0.24 9.12 1.66
8 Feox/ACN 1.0 5.6 +0.17 3.91 0.55
9 Cuox/ACN 1.0 6.3+0.25 293 0.47

Selected DF-STEM images and metal particle size distribution histograms
are shown in Fig. 4. Regardless the oxidation state of cobalt NPs, the smallest
average cobalt particle size and standard deviation at the same metal loading is
obtained using ACN as support (Table 2). Thus, it can be speculated that the
presence of a high population of oxygen functional groups in ACN support is
beneficial to support small metal NPs. As expected, the aerobic oxidation of co-
balt NPs supported on ACs (Fig. S7) resulted in an increase of the cobalt oxide
average particle size of about 2-3 nm (Table 2 and Fig. S8). Using ACN as support
it was observed that an increase of the cobalt oxide content from 0.2 to 1.0 wt %
resulted in an increase of both particle size distribution and standard deviation
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(entries 4 and 7 in Table 2 and Fig. S9). Analogous catalysts based on iron and
copper oxides supported on ACN were also prepared (entries 8 and 9 in Table 2
and Fig. S9) to compare their catalytic activity with that of cobalt-based materials.
Formation of cobalt NPs was confirmed by EDX analyses of different points (Fig.
S10a), areas (Fig. S10b) and mapping analyses (Fig. 4). In contrast to the small
cobalt oxide NPs obtained on the different carbonaceous materials, large parti-
cles (> 200 nm) were obtained when the preparation of cobalt oxide was per-
formed without the use of any support (Fig. S11).

XPS analysis was employed to get some insights about the cobalt oxida-
tion state of the prepared catalysts. As it will be shown below Coox/ACN is the
most active catalyst for PMS activation. Initially, XPS of the Co(0.2 wt%)/ACN ex-
posed the ambient at room temperature is composed by Co NPs whose external
layers are mostly constituted by Co(Il) (Fig. 5a1). As expected the thermal aerobic
oxidation at 180 °C for 2 h of the Co(0.2 wt%)/ACN (Fig. 5a1) solid favors the
further oxidation of the most external layers of Co NPs in the Coox(0.2 wt%)/ACN
solid that after the treatment are mostly constituted by Co(ll) and Co(lll) species
(Fig. 5a2). These oxidized Co(ll / Ill) species are similar to those observed in the
case of commercial Co304 solid (Fig. 5a3) and as-made Coox solid (Fig. 5a4). For
the Coox(0.2 wt%)/ACN sample, Fig. 5b shows the deconvoluted peaks at around
779.7 and 781.4 eV attributable to the Co®* 2p3/2 and Co?* 2p3y2, respectively. The
accompanying 2p1/2 spin-orbit component for Co®* and Co®* appear at 794.8
and 796.8 eV, respectively. The energy difference between Co 2ps/2 and Co 2p1s2
peaks is approximately 15 eV. Two Co?* satellite peaks at 786.3 and 804.8 eV are
also observed. Similar deconvolution in various cobalt species is obtained for the
commercial Co304 or as-made Coox solids (Fig. S12). These XPS results agree with
the presence of cobalt NPs in the form of Co304 and/or CoO [39-42]. Similarly,
the XPS spectra of Feox/ACN and Cuox/ACN samples reveal the presence of oxi-
dized metal species in the form of Fe3*/Fe?* or Cu?*, respectively (Fig. S13)
[43,44].

Diffuse reflectance UV-vis spectra of several of the cobalt oxide catalysts
under study are presented in Fig. S14. Commercial Co304 and as-prepared Coox
solids exhibit visible absorption bands in the regions about 400 and 650 nm that

106



Chapter 4. Catalytic activity of cobalt oxide nanoparticles in PMS activation

should correspond to the 0% -Co?* and O*"-Co>* ligand to metal charge transfer,
respectively. In the cobalt oxide NPs supported on ACN, these absorption bands
seem to be masked by the black ACN support [45].
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Fig. 4. a) DF-STEM image and cobalt particle distribution of Coox(0.2 wt%)/ACN;
b) STEM image and element mapping microanalyses of Coox(0.2 wt%)/ACN. The
inset in panel a shows the particle size distribution of cobalt oxide in Coox(0.2
wt%)/ACN.
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Fig. 5. XP spectra of Co(0.2 wt%)/ACN (a1), Coox(0.2 wt%)/ACN (a2), commercial
Co304 solid (a3) and as-made Coox solid (5a4). Deconvoluted XP spectrum of
Coox(0.2 wt%)/ACN (b).
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4.3.3 Catalytic Activity

The series of prepared catalysts was tested for phenol degradation using
PMS as oxidant. Phenol was selected as organic pollutant because is a non-bio-
degradable, recalcitrant and toxic organic compound for the aquatic environ-
ment. Preliminary tests indicate that phenol adsorption on the three different
ACs is lower than 5% (data not shown). Blank control experiments reveal that
activation of PMS in the absence of catalyst is negligible at pH values below 6,
but PMS decomposes faster as the pH value increases beyond pH 7 (Fig. S15), As
expected, deposition of cobalt NPs supported on the carbonaceous materials
increases the catalytic activity for PMS activation and phenol decomposition at
pH values below 7 (Fig. 6 and Table 2). Fig. 6b shows that oxidized cobalt NPs
supported on ACs (Coox supported on AC, ACT or ACN) are more active than
analogous non-oxidized ones, even though the cobalt particle size distribution
of the former indicates the larger average dimensions of Co particles after oxi-
dation. It is a general observation in the field of catalysis by metal NPs that the
catalytic activity increases as the size of the metal NP decreases [46]. In the pre-
sent case, however, it seems that the oxidation state of cobalt NPs is more im-
portant than the particle size distribution for the activation of PMS. These results
agree with previous reports showing the higher activity of cobalt oxides respect
to metallic cobalt [10,11].

109



Chapter 4. Catalytic activity of cobalt oxide nanoparticles in PMS activation

Il
—
—
=] 1=}
(—} (=]

b) 30001
2500 .

7 2000

o

E 1500

2}
o

Phenol (mg L)
N A
IGQ

time (min
o) d) (min)
_— apoo, AN
ACT
Co,, —
T ~ 3000 Co.
oy L
— *""9 AC
E 500 LLE 2000+ Co e
£ o Coax
L b Co
(o) 1000 Co
o e o O e s e b b b L0 L L
a b c d e f a b c d e f

Fig. 6. Phenol degradation (a), PMS decomposition (b) and corresponding turn-
over frequency (TOF) value (c, d) using Co-NPs supported on AC (H, ), ACT (A,
d) and ACN (4, b) and Co304 — NPs supported on AC (g, e), ACT (4, c) and ACN
(0, a). Reaction conditions: Catalyst (200 mg L™"; 0.0067mM of supported cobalt),
phenol (100 mg/L;1.06 mM), PMS (2800 mg L™"; 9.1 mM), 20 °C, pH 7.

Among the different catalysts based on Coox NPs supported on ACs (AC,
ACN and ACT), the highest catalytic activity has been achieved using the Coox(0.2
wt%)/ACN material that corresponds to that with the smallest cobalt oxidized
metal NPs (Fig. 6). Based on the catalytic results and the characterization data of
the ACs, it is proposed that the higher amount of oxygen functional groups in
the ACN support generated by the chemical treatment allows a good dispersion
of small cobalt NPs with enhanced catalytic activity respect to analogous ACT or
AC supports. Therefore, considering the minor contribution of CAN (Fig. S15) to
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the catalytic activity that is mainly due to cobalt species and the relationship
between small particle size and high catalytic activity (Table 2), it is proposed that
the main role of the carbon support is just to stabilize cobalt NPs avoiding their
growth.

Fig. 7 shows that the catalytic activity of Coox supported on ACN increases
as the cobalt loading decreases from 1.0 to 0.2 wt%. This fact was attributed to
the lower cobalt particle size distribution observed with the sample at lower co-
balt loading. Fig. 7 also presents the influence of the metal nature on the result-
ing catalytic activity for phenol degradation and PMS decomposition. The cata-
lyst based on Coox NPs supported on ACN exhibiting higher activity than
analogous catalysts based on Feox or Cuox NPs supported on ACN at the same
metal loading (1 wt%).
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Fig. 7. Phenol degradation (a) and PMS decomposition (b) using Coox-NPs sup-
ported on ACN at 0.2 (¢) and 1 wt% cobalt loading (O). Feox-NPs (l) and Cuox-
NPs (o) supported on ACN at 1 wt% metal loading. Reaction conditions: Catalyst
(0.0067mM of supported metal), phenol (100 mg/L; 1.06 mM), PMS (2800 mg
L™"; 9.1 mM), 20 °C, pH 7.

In order to put into context the catalytic activity of Coox(0.2 wt %)ACN its
catalytic activity was compared to that obtained when using homogeneous Co?*
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ions, unsupported as-made Coox NPs or commercial Co3Oa4 solid as catalysts (Fig.
8). Frequently, phenol oxidation in water by PMS is faster when using Co?* ions
as homogeneous catalyst respect to the use of heterogeneous cobalt catalysts,
such as cobalt oxide doped carbon aerogel [21]. Surprisingly, in the present work
the activity of Coox(0.2 wt%)ACN is higher (TOFpms 3800, TOFphenol 950) than that
obtained using Co?* ions (TOFems 1460, TOFphenol 330) or as-prepared unsup-
ported Coox NPs (TOFems 740, TOFphenot 190). These observations highlight the
importance of high surface area, AC surface functionalization with the appropri-
ate nature and population of oxygen functional groups for the dispersion of
small metal NPs with specific metal oxidation state.
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Fig. 8. Phenol degradation (a) and PMS decomposition (b) using Coox -NPs sup-
ported on ACN at 0.2 wt% metal loading (¢), using commercial Co3O4 NPs (O),
as-prepared unsupported Coox NPs (e) and using Co®* as homogeneous catalyst
(H). Reaction conditions: Catalyst (0.0067mM of cobalt either using homogene-
ous or heterogeneous catalysts), phenol (100 mg/L; 1.06 mM), PMS (2800 mg
L™"; 9.1 mM), 20 °C, pH 7.

One of the main problems associated with AOPs for water treatment is
the strong dependence of their efficiency with the pH [14,27]. The use PMS has
been reported as one promising alternative to the use of other oxidants such as
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H20:2 that typically requires strongly acidic pH solutions to achieve good efficien-
cies [10,11]. Herein it has been shown that Coox/ACN is an optimal catalyst for
PMS activation and phenol degradation even at neutral pH values (Fig. 9). It
should be reminded that PMS decomposition occurs spontaneously at an in-
creasing rate as the pH value increases higher than 7 (Fig. S15a,b). This consti-
tutes a significant advantage compared to other heterogeneous Fenton pro-
cesses that only operate efficiently at strongly acidic pH values [3,5,14]. Previous
studies using homogenous Co?* ions or heterogeneous cobalt NPs supported
on carbonaceous materials [47] have also found that those catalysts exhibit op-
timal performance at neutral or quasi-neutral pH values [10,48]. As it can be seen
in Fig. 9 the catalytic activity of Coox(0.2 wt%)/ACN for PMS activation and phenol
degradation increases with the pH. On one hand, an increase of the pH favors
the formation of the more easily oxidizable phenolate. On the other hand, PMS
decomposition should be a function of its speciation in the reaction medium [12].
Acidic pH values would increase the PMS stability and, therefore, it could make
more difficult its activation towards radical formation [47,49]. Considering that
PMS has a pKz in water about 9.4, the prevalent species at quasi-neutral pH val-
ues should be HSOs™ (Fig. 9, Eq. (6)) and, therefore, it seems that the selective
formation of SO4~ and/or HO radicals is favored (Egs. (1), (3) and (4) [12]. Eq. (7)
represents a nucleophilic attack on the peroxide hydrogen of HSOs™ by SOs 2~
leading to the formation of HSOs™ (Eq. (7)). Finally, according Eq. (8) HSO¢™ in the
presence of hydroxyl ions decomposes to form Oz through a non-radical reaction
pathway. The influence of pH on the activity of the Coox(0.2 wt%)/ACN catalyst
agrees with the reported prior literature data reflected by Egs. (1)—(8).

Co** + HSO;3 L Co** + SOy + HO™ (1)
Co**+ HSO; — Co?*+ SO;™ + H* (2)
SO,” + H, O— SO;™ + OH' + H* (3)
SO; + HO™ — SO; + OH" (4)
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HSO; + 2H, O— 2HO" + SO;~ + H* (5)
HSO; + H, O— SO3™ + H;0* (6)
HSO; + SOZ~ — HSO; + SO~ (7)
HSO; + HO~ — H, O+ SO2™ + 0, (8)
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Fig. 9. Phenol degradation (a), PMS decomposition (b) and respective TOF values
for phenol (black bar) and PMS (white bar) using Coox /ACN at pH 2 (o), pH4 (H),
pH 6 (A) and pH 7 (¢). Reaction conditions: Catalyst (200 mg L™"; 0.0067mM of
supported cobalt), phenol (100 mg/L; 1.06 mM), PMS (2800 mg L™"; 9.1 mM), 20
°C, pH as indicated.

Other important parameter that should be considered when developing
alternative AOPs is the amount of oxidant employed respect to the substrate
[14,15,46]. Fig. 10 shows the influence of the initial PMS concentration on the
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catalytic activity for phenol degradation. An optimal PMS to phenol molar ratio
of 9.3 was found for phenol degradation and, more importantly, degradation of
its even more toxic reaction intermediates namely catechol, hydroquinone and
p-benzoquinone (Fig. S16). This value is lower than that required in other systems
for complete degradation of phenol such as cobalt oxide supported on AC (ox-
one to phenol molar ratio 25) [20], cobalt oxide doped on carbon aerogel [21] or
carbon xerogel [50] with an oxone to phenol molar ratio 12.8 even though still
some toxic intermediates such as hydroquinone and p-benzoquinone were de-
tected [21]. Thus, Co304 NPs supported in reduced graphene oxide employs a
phenol to PMS molar ratio of about 60 or MnO2/ZnFe204 uses a phenol to PMS
ratio of 31 [51]. In the present work, under optimized reaction conditions a no-
table TOC reduction of about 70% was measured. Furthermore, a good relation-
ship was also observed between the TOF for phenol degradation and the amount
of PMS (Fig. 10d). The TOF values increase along the PMS concentration with the
maximum values of 3300 and 550 h~" achieved for PMS decomposition and phe-
nol degradation, respectively.
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Fig. 10. Phenol degradation (a), PMS decomposition (b), remaining phenol and
intermediates (c) and TOF for phenol degradation (O) and PMS decomposition
(M) measured at 15 min (d) using Coox/ACN with different PMS dosages: 1600
mg L™" (10.5 mM, H), 2400 mg L™" (7.9 mM, O), 2800 mg L™" (9.1 mM, A), 3200
mg L' (10.5 mM, o) and 4000 mg L~" (13.5 mM, e). Reaction Conditions: Catalyst
(200 mg L'; 0.0067mM of supported cobalt), phenol (100 mg L"), PMS (as indi-
cated), 20 °C, initial pH 7.

The catalytic activity of the most active catalyst prepared in this work
Coox(0.2 wt%)/ACN using PMS as oxidant was compared with that of H20: at pH
4 and 7 (Fig. S17). The degradation of phenol by H202 and Coox(0.2 wt%)/ACN as
catalyst does not take place at neither pH value of 4 or 7. This observation agrees
with previous reports showing the higher activity of the homogeneous Co®*/PMS
systems respect to Co%*/H202 [52,53].
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The influence of the temperature on the catalytic activity for PMS activa-
tion and phenol degradation using Coox/ACN as catalyst allowed an estimation
of the apparent activation energy for these processes at pH 7 (Fig. 11). The esti-
mated Ea for PMS decomposition and phenol degradation is about 30 and 32 kJ
mol~', respectively. These Ea values indicate that the catalytic ROS generated
during the PMS decomposition, such as SO+~ and HO' (see reaction mechanism
below), react in an almost barrierless process for phenol degradation. Further-
more, the lower Ea values at pH 7 compared to pH 4 reinforces the idea that is
possible to develop AOP based on cobalt-catalyzed PMS activation for aqueous
pollutant degradation at neutral pH values. These low Ea values obtained with
Coox(0.2 wt%)/ACN compare favorably with similar systems based on cobalt ox-
ide doped carbon aerogel (Ea for phenol 62.9 kJ mol-1, pH not indicated) [21],
cobalt oxide loaded on carbon xerogel (Ea for phenol degradation 48.3 kJ mol ",
pH not indicated) [50], cobalt oxide on activated carbon (Ea for phenol degrada-
tion 59.7 kJ mol~", pH not indicated) [20], and other cobalt catalysts on other
supports on such as ZSM5, mesoporous silicas such as SBA-15 [54] or SiO2* with
values ranging between 61.7 and 75.5 kJ mol-1. While the previous commented
literature Ea values refer to phenol degradation analogous Ea data referring to
PMS decomposition are not available. It should be, however, commented the Ea
for PMS decomposition is also an important kinetic parameter when comparing
two activities of different catalysts, since it refers to the generation of the primary
reactive oxygen radicals.
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Fig. 11. Phenol degradation (a) and PMS decomposition (b) using Coox/ACN at
20 °C (H), 30 °C (O), 40 °C (A) and 50 °C (V). The inset shows the estimation of
the apparent Ea of the process. Reaction conditions: Catalyst (200 mg L™";
0.0067mM of supported cobalt), phenol (100 mg/L; 1.06 mM), PMS (2800 mg L™’
9.1 mM), temperature as indicated, initial pH 7.

The stability of the Coox/ACN catalyst was assessed by performing eight
consecutive uses of the same sample at pH 7 without observing decrease of the
catalytic activity (Fig. 12a,b). Cobalt leaching from the solid catalyst to the solu-
tion after running the reaction at pH 7 was below detection limit (< 1.0 ug/L).
The absence of cobalt leaching from Coox(0.2 wt%)/ACN catalyst compares fa-
vorably with the cobalt leaching measured for PMS activation when using SiO,
TiO2 or Al203 as support with values of cobalt leaching of 0.75, 2.83 or 0.94 mg
L™, respectively (pH not indicated) [45]. Other systems based on cobalt oxide on
carbon aerogel resulted in cobalt leaching around 1 mg L™ (pH of reaction not
indicated) and concomitant decrease of catalytic activity for phenol degradation
upon reuse [21]. In other study, Co NPs embedded on carbon nanofibers resulted
in a quite stable catalyst for PMS activation, although still a cobalt leaching of 20
ug L~" was measured [47]. Another study that employed cobalt supported on
TiO2 as photocatalyst under UV irradiation have resulted in cobalt leaching values
of 25 ug L™' [18]. In our case, blank control experiments using this trace amount
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of cobalt to promote phenol degradation by PMS at pH 7 or 4 resulted in negli-
gible catalytic activity indicating the heterogeneity of the reaction process. Im-
portantly, TEM images of eight-times used Coox(0.2 wt%)/ACN shows that metal
NP aggregation does not occur (Fig. 12a and b inset).

Furthermore, productivity experiments using a high concentration of
phenol (10 g L™"; 106.4 mM) and PMS (280 g L™'; 912 mM) respect to the catalyst
(200 mg L™"; 0.0067mM of supported cobalt) allow determining an accumulated
turnover number (TON) after three cycles for phenol and PMS decomposition as
high as 39,000 and “400,000, respectively (Fig. 12c,d). Similarly, TOF values for
the first catalytic cycle about 68,000 and 8:10° h™" for phenol degradation and
PMS, respectively, were estimated at 5 min of reaction. These TON and TOF val-
ues are much higher compared to those reported in the literature using hetero-
geneous metal catalysts for water pollutant degradation using PMS as oxidant
that frequently are lower than 100 [9,20,21,45,47,50,51,55-57]. As commented,
different heterogeneous catalysts have been reported for PMS activation but,
however, most of these papers do not measure PMS decomposition and, there-
fore, estimation of TOF and TON values for PMS decomposition is not possible
in those cases.

In this study, the good stability of the Coox/ACN catalyst may be at-
tributed to the presence of oxygen functional groups able to establish strong
anchoring interaction with the cobalt NPs. The reusability data of Coox/ACN com-
pares favorably with analogous catalyst based on oxidized cobalt NPs supported
on carbon microspheres [57], on SiO2 [17,45] or on TiOz [45] and Al20s [45],
among others [58], that suffer deactivation upon reuse.
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Fig. 12. Reusability of Coox/ACN at pH 7 and 20 °C under regular (a, b) or under
productivity test (c, d) conditions for phenol degradation (a, ¢) and PMS decom-
position (b, c). Legend: first cycle (M), third cycle (e), fifth cycle (A) and eighth
cycle (O). Regular reaction conditions: Catalyst (200 mg L™"; 0.0067mM of sup-
ported cobalt), phenol (100 mg L', 1.06 mM), PMS (2800 mg L™, 9.1 mM), 20
°C, pH 7. Productivity reaction conditions: Catalyst (200 mg L™"; 0.0067mM of
supported cobalt), phenol (10 g/L; 106.4 mM), PMS (280 g L™7, 912 mM), 20 °C,
initial pH 7.
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4.3.4 Reaction mechanism

In order to determine the reactive oxygen species generated in the cata-
lytic system for PMS activation by the action of Coox/ACN as catalyst, a series of
selective radical quenching experiments and EPR measurements were per-
formed. As preliminary experiments the influence of ambient oxygen in the cat-
alytic reaction was evaluated. The presence of oxygen only slightly accelerates in
comparison with inert atmosphere (Fig. S18) both phenol degradation and PMS
decomposition, therefore, suggesting that oxygen participates in the radical re-
action mechanism. The possible formation of radical species was further evalu-
ated using DMSO, methanol and tert-butanol as radical scavengers [19,59,60].
The inhibition of the reaction by presence of DMSO and methanol indicate that
hydroxyl and sulfate radicals are involved in phenol degradation [59-61]. tert-
Butanol quenching has been considered as a specific agent of hydroxyl radicals
[59,60]. Accordingly, the difference in the temporal profile of phenol degradation
in the absence or presence of tert-butanol can also serve to indirectly evaluate
the contribution of sulfate radicals. As it can be seen in Fig. 13, the presence of a
large excess of tert-butanol quenches partially phenol degradation indicating
that both SO4~ and HO' radicals are simultaneously involved. On one hand, tert-
butanol decreases the initial reaction rate of phenol degradation by about 60%
(attributed to the contribution of hydroxyl radicals to phenol degradation in the
absence of tert-butanol), but on the other hand phenol is still degraded in 100%
at longer reaction times (degradation caused by contribution due to unquench-
able sulfate radicals).
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Fig. 13. (a) Phenol degradation and (b) PMS decomposition using Coox/ACN as
catalyst. Legend: air atmosphere (e), air atmosphere with the presence of DMSO
(o), methanol (O) or tert-butanol (A) as radical quenchers. Reaction conditions:
Catalyst (200 mg L™"; 0.0067mM of supported cobalt), phenol (100 mg L™"; 1.06
mM), PMS (2800 mg L™, 9.1 mM), 20 °C, initial pH 7, radical quencher to PMS
molar ratio 10. (c) Experimental EPR spectra recorded in H20 at pH 7 in the pres-
ence of PMS and the absence (1) or in the presence of Coox/ACN catalyst (2) after
15 min reaction time. (d) Experimental (1, black line) and simulated (2, red line)
EPR spectra under (c) conditions. Hyperfine coupling constants of PBN-OH
(~85% area) AGn=15.4 and AGn=2.7 and tert-butyl aminoxyl from degraded PBN
AGn=15.58 and AGH=13.90. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article)
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Additional mechanistic studies were performed by using PBN as trapping
agent followed by EPR. PBN has been reported to trap both SO4~ and HO' radi-
cals [62]. EPR measurements using PBN as spin trap clearly shows the formation
of the PBN-OH adduct under conditions relevant to phenol degradation. Note
that the control in the absence of Coox/ACN only allows to detect very weak EPR
signals, indicating that ‘OH radicals are formed mainly due to the activity of the
Coox/ACN catalyst (Fig. 13c and d).

Based on these results a one-electron transfer process from Co(ll) species
to PMS leading to the generation of sulfate radicals is proposed (Eq. (9)). Then,
catalytic cycle involves reduction of Co(lll) to Co(ll) with formation of SOs~ rad-
icals (Eq. (10))[10,11]. SO4~ radicals can also be generated by reaction of SOs~
under acid conditions (Eqg. (11))[10,11]. In addition, SO+~ radicals can be con-
verted into HO' radicals according Eq. (12) [10].

Cat-Co?*-sites + HSO; — Cat-Co**-sites + SO;~ + HO™ (9)
Cat-Co**-sites + HSO; — Cat-Co?*-sites + SO~ + H* (10)
Cat — Co?*-sites+S0O;™ + H" — Cat-Co’*-sites + SO;” + HO~ (11)
SO;~ + I O- HSO; + HO" (12)

4.4 Conclusions

The present manuscript has shown the different catalytic behavior of a series
of cobalt-containing ACs as a function of the surface pretreatment and metal
oxidation state. It has been found that the catalyst activity for AOP using PMS at
pH 7 correlates well with the cobalt particle size, the smaller the dimension, the
higher the catalyst activity. Furthermore, the oxidized supported cobalt NPs are
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catalytically more active than the reduced ones. In this regard, it has been estab-
lished in the present study that by introducing oxygenated functional groups in
AC by a chemical treatment using nitric acid (ACN), it is possible to obtain the
cobalt oxide NPs with small average particle size (4.7 £ 0.05 nm) and, therefore,
exhibiting an enhanced catalytic activity towards PMS decomposition and phe-
nol degradation. Furthermore, these surface oxygenated groups and the strong
anchoring of oxidized cobalt NPs are also responsible for the stability of these
NPs, minimizing their growth and allowing their reusability up to eight cycles
without decay and the absence of cobalt leaching. It is remarkable that no cobalt
leaching is detectable. Productivity tests using a large excess of phenol and PMS
respect to the Coox(0.2 wt%)/ACN catalyst allow to determine TON/TOF values
as high as 39,000/68,000 h~" for phenol and 400,000/8:10°> h™" for PMS at pH 7
and 20 °C, respectively. In this way the Coox(0.2 wt%)/ACN catalyst compares fa-
vorably with those previously reported in the literature is herein described.
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4.6 Supplementary information
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Figure S1. Thermogravimetric analysis (a) and isothermal N2 adsorption of AC (b).
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Figure S6. SEM images of AC (a), ACT (b) and ACN (c).
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Metal NP characterization

Co distribution (%)

01 12 23 34 45 56 67

Coparticle size (nm)

30+

Co distribution (%)

244 46 6-8 8-10 10-12 1214

” Co particle size (nm)

Co distribution (%)

24 46 68 810 10-12 12-14
Co particle size (nm)

Figure S7. TEM images and particle size distribution of Co NPs supported on AC
(a), ACT (b) and ACN (c). Metal loading 0.2 wt%.
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Figure S14. Diffuse reflectance UV-Vis absorption spectra of a) ACN, b) Co(0.2
wt%)/ACN, ¢) Coox(0.2 wt%)/ACN, d) Coox(1.0 wt%)/ACN, e) commercial CoO, f)
commercial Co304, g) unsupported as-made Coox solid.
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Figure S15. Blank control experiments for phenol degradation (a) and PMS de-
composition (b) in the absence of catalyst different at pH 7 (A), pH 6 (M), pH 4
(O) and pH 2 (e). Reaction conditions: phenol (100 mg/L; 1.06 mM), PMS (2800
mg L; 9.1 mM), 20 °C, pH as indicated. Phenol degradation (c) and PMS decom-
position (d) using ACN as catalyst at pH 7. Reaction conditions: Catalyst (200 mg
L"), phenol (100 mg/L; 1.06 mM), PMS (2800 mg L"; 9.1 mM), 20 °C, pH 7.
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Figure S17. Catalytic activity of Coox(0.2wt%)/ACN for phenol degradation (a) and
H202 decomposition (b) at pH 4 (O) and 7 (o). Reaction conditions: Catalyst (200
mg L"; 0.0067 mM of supported cobalt), phenol (100 mg/L; 1.06 mM), H202 (310
mg L"; 9.1 mM), 20 °C.
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Figure S18. (a) Phenol degradation and (b) PMS decomposition using Coox/ACN
as catalyst under air (®) or nitrogen atmosphere (O). (O). Reaction conditions:
Catalyst (200 mg L"; 0.0067 mM of supported cobalt), phenol (100 mg/L; 1.06
mM), PMS (2800 mg L, 9.1 mM), 20 °C, initial pH 7.
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Chapter 5

Catalytic Ozonation Using
Edge-Hydroxylated Graphite-Based
Materials

5.1 Introduction

Most of industrial chemical processes employ transition metals as cata-
lysts.’ In the field of environmental applications, advanced oxidations processes
(AOPs) employing catalysts are among the preferred technologies for water pol-
lution remediation.®"" The most efficient AOPs are based on the use of strong
oxidants such as ozone, hydrogen peroxide or peroxymonosulfate/persulfate
and transition metal ions as homogeneous catalysts.%% 12" Unfortunately, homo-
geneous catalysis for water remediation has the drawback of the need to remove,
in some cases at trace level, the metals employed as catalysts." In this regard,
heterogeneous catalysis for AOP may overcome some of the important limita-
tions of homogeneous catalysis.”>?° Heterogeneous catalytic ozonation is an
AOP than can be potentially implemented at industrial scale.’ %' Many potable
or wastewater treatment plants have already installed in their facilities ozone
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generators, being on this way easier to implement a catalytic process. Regardless
of its relatively high oxidation potential, £° 2.07 V, Oz in the absence of catalysts
is not reactive enough to degrade some toxic and recalcitrant pollutants, such as
deactivated aromatic compounds and electron-poor aliphatic contaminants.’
For this reason, the objective of catalytic ozonation is to generate from Os other
reactive oxygen species (ROS), such as hydroxyl or hydroperoxyl radicals (Equa-
tions 1-4) able to unselectively degrade a wide range of recalcitrant pollutants
such as oxalic acid.’ 223 As in the case of homogeneous catalysis, the most
efficient heterogeneous catalysts to promote ozonation by generating ROS are,
however, transition metals such as cobalt, manganese, iron, cerium, titanium,
among others.?" 24

Co*"+0; —» Co*" +HO + 0, (Eq. 1)
HO +0; —» HO, +0, (Eq. 2)
HO, + Co®>" —» Co’"+H"+0, (Eq.3)

o, 0,, O,, OH"

k_ | (Eq.4)

2+ 2- \" . 5
Co* + C,0,7=<—> CoC,0,—> CoC,0," —= *C,0, —> 2CO,
Y Y Y
0, Co* 0,,0,, OH

In view of these precedents, it would be convenient to develop additional
sustainable and efficient heterogeneous catalysts not based on transition metals
for ozonation.2>28 In this context, several groups have employed and/or modi-

29-37 and, to a lesser extent, other carbonaceous materials

fied activated carbons
such activated carbon fibers®® or multiwalled carbon nanotubes (MWCNTSs),?" 3?

as carbocatalysts for ozone activation. The discovery of graphene (G) in 2004
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extended further the interest for carbon-based materials as catalysts.** 4! Re-
cently, reduced graphene oxide (rGO) has been reported as a heterogeneous
carbocatalyst to promote the catalytic ozonation.*? It was observed, however,
that rGO becomes deactivated to a large extent even after one use. In addition,
rGO preparation was based on the Hummers method that generates a large
amount of wastes.*®

Herein, the preparation of a highly active, stable and economically attractive
graphite-based catalyst, obtained from commercially available high surface area
graphite (HSAG) simply modified at the edges by hydroxyl groups using KOH as
reagent (HSAG-OH) is reported. It was observed that the ozonation activity of
HSAG-OH is higher than those of several other carbon-based materials, such as
graphite (G), commercial HSAG, carbon nanotubes (CNTs), activated carbon, na-
nometric diamond, graphene oxide, rGO and even higher than that achieved us-
ing benchmark metal oxides such as Co30s, CeOz, Al203 or CuO. HSAG-OH was
reused efficiently ten times. Importantly, a reductive thermal treatment of the ten
times-used catalyst allows the recovery of its excellent catalytic activity for ozone
activation to hydroperoxyl radicals. On the basis of the comparison of the cata-
lytic activity of HSAG-OH with that of several other carbonaceous catalysts it will
be concluded that the high activity of the HSAG-OH derives from the integrity of
sp2 graphene layers in a multilayer configuration together with its excellent dis-
persibility of the HSAG-OH particles in aqueous medium due to the presence of
peripheral OH groups.

5.2 Experimental section

5.2.1 Materials
Graphite (CAS 7782-42-5), diamond nanoparticles (ref: 636 444, > 97%), activa-
ted carbon (AC, Norit SX Ultra, ref 53663), Al203, CeOz, Co304, CuO, dimethylsu-
Ifoxide (DMSO,>99.5%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 2,2,6,6-tetra-
methylpiperidine (TEMP) were supplied by Sigma-Aldrich. MWCNTs were
supplied by Nanostructured & Amorphous Materials. HSAG was Synthetic
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Graphite 8427 supplied by Asbury Graphite Mills Inc. Characterization of HSAG
has been reported by some of us in previous studies.***’ Other reagents em-
ployed were analytical or HPLC grade and they were also provided by Sigma-
Aldrich.

HSAG oxidation by nitric acid. As previously reported for analogous carbona-
ceous materials, commercial HSAG (1 g) was dispersed in concentrated HNOs (25
mL) in a round-bottom flask, and the mixture heated under stirring at 83 °C for
20 h.*8 After cooling the reaction system, the suspension was centrifuged at
12,000 rpm for 20 min and washed repeatedly with Milli-Q water until the pH
value of the washing liquids was neutral. Finally, the solid sample was recovered
by filtration and dried at 100 °C for 12 h. This sample was labelled as HSAG-
HNO:s.

HSAG hydroxylation by KOH. As previously reported,*“> HSAG and KOH were
reacted in a planetary ball mill (S100 from Retsch), with 0.3 L grinding jar moving
on a horizontal plane. The jar was loaded with six ceramic balls having a diameter
of 20 mm. HSAG (1 g), KOH powder (20 g) and H20 (6.5 mL) were put into the
jar that was rotated at 300 rpm, at room temperature, for 10 h. After this time,
the mixture was placed in a Biichner funnel with a sintered glass disc and repeat-
edly washed with distilled water (6 x 100 mL) under vacuum. Finally, the obtained
solid was put in an oven at 60 °C to remove excess water. This sample was la-
belled as HSAG-OH. Recently, possibility to perform edge-oxidation of graphites
by hydrogen peroxide oxidation has been recently reported.*

HSAG-OH functionalization by means of the Reimer-Tiemann/Cannizzaro Dom-
ino. As previously reported, in a round bottomed flask equipped with magnetic
stirrer and condenser were added KOH powder (3.12 g, 55 mmol), CHCl3 (1.12
mL, 14 mmol) and H20 (0.5 mL) in sequence. HSAG-OH (0.500 g) was added to
such mixture after few seconds.** The mixture was stirred at room temperature,
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for 12 h. After this time, the solvent was removed at reduced pressure. The re-
sulting solid was ground in fine grains in a mortar with a pestle, transferred into
a Falcon tube (15 mL) and water (10 mL) was added. The suspension was soni-
cated for 10 min and centrifuged at 4000 rpm for 10 min (3 times). This sample
was labeled as HSAG-OH-COOH.

Reactivation of the HSAG-OH Sample after Six Uses.

Method A: Heating treatment. 0.1 g of 6 times used HSAG-OH sample and CH2Cl2
(25 mL) were put in a 50 mL round bottomed flask equipped with magnetic stir-
rer. The resulting suspension was stirred at room temperature for 12 h. After this
time the mixture was filtered and the powder was put in a 5 mL glass vial and
heated at 200 °C for 12 h under nitrogen atmosphere.

Method B: Reduction by hydrazine. 0.1 g of 6 times used HSAG-OH sample were
put in a 25 mL round bottomed flask equipped with magnetic stirrer. To this
suspension, hydrazine monohydrate (1u for 1 mg of HSAG-OH) was added. The
suspension was stirred at 80 °C for 12 h. After this time the mixture was filtered
and the powder was dried.

Pyrolyzed nanometric diamond. Commercial diamond nanoparticles (D NPs) (200
mg) were placed in a tubular oven under Ar atmosphere and heated up to 900
°C at 5 °C/min for 1 h. After cooling the system at room temperature, the simples
were washed with ethanol and water and finally dried at 100 °C for 12 h.*

5.2.2 Characterization

Combustion elemental analyses were performed using a CHNOS analyzer
(Perkin Elmer). Raman spectra were collected at room temperature upon 514 nm
laser excitation using a Renishaw In Via Raman spectrophotometer equipped
with a CCD detector. Analyses by temperature-programmed desorption (TPD)
coupled to a mass spectrometer (TPD-MS) of the carbonaceous samples were
performed in a Micrometer Il 2920 station connected to a quadrupolar mass
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spectrometer. X-ray photoelectron spectroscopy (XPS) measurements were per-
formed with a SPECS spectrometer with an MCD-9 detector using a monochro-
matic Al (Ka = 1486.6 eV) X-ray source. The C1s peak at 284.4 eV was employed
as reference. Transmission electron microscopy (TEM) images of nanometric di-
amond samples were acquired using a JEOL JEM-2100F instrument operating at
200 kW

5.2.3 Catalytic reactions

Catalytic Ozonations. Ozone was generated from dried air using a commercially
available corona discharge ozone generator. The generated ozone (140 mg/h)
was introduced at 570 mL/min through a gas diffuser into the bottom of a 300
mL glass reactor. Typically, the reactor contained 250 mL of Milli-Q water with or
without oxalic acid (50 mg L™") as model organic pollutant together with the dis-
persed catalyst (100 mg L™"). The course of the reaction was followed by imme-
diately analyzing reaction aliquots previously filtered through a Nylon filter (0.2
um) to remove the catalyst after being taken.

Selective Quenching Experiments and EPR Measurements. These experiments
were performed similarly as described for oxalic acid degradation at pH 3, but (i)
for selective hydroxyl quenching experiments, dimethyl sulfoxide or tert-butyl
alcohol (20 mol % with respect to oxalic acid) were also present, and (ii) for EPR
experiments, oxalic acid was replaced by DMPO or TEMP as ROS trapping agent
at 1 g L™". EPR measurements were carried out in a Bruker EMX spectrometer
(9.803 GHz, sweep width 3489.9 G, time constant 40.95 ms, modulation fre-
quency 100 kHz, modulation width 1 G, microwave power 19.92 mW) at pH 3
and 20 °C and 20 min of reaction.
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Ozone Measurements. Ozone calibrations were carried out by iodometry. To de-
termine ozone self-decomposition or decomposition in the presence of carbo-
naceous solids (50 mg L") in water, the pH value of the aqueous solution or
suspension was first adjusted using HCI or NaOH aqueous solutions, and then
the absorbance of aliquots was measured in a UV-vis spectrometer (JASCO in-
struments) from200 to 400 nm. It should be noted that O3 exhibits a maximum
absorption wavelength at 260 nm with an extinction coefficient of 3000 M™"
cm™131

Oxalic Acid Analysis. Oxalic acid concentration was determined by analyzing re-
action aligquots by ion chromatography using a conductivity detector. The sta-
tionary phase was a column of poly(vinyl alcohol) with quaternary ammonium
groups, while the mobile phase was a basic aqueous solution (3.2 mM
Na2C03/1.0 mM NaHCOs mM).

Total Organic Carbon (TOC). The TOC of aqueous oxalic acid solutions was ana-
lyzed using a High TOC Elementar Il analyzer.

Boehm Titration. Boehm titration was performed to quantitatively determine the
content of oxygenated surface groups. In a typical experiment, 0.05 g of the car-
bon allotrope was dispersed in 50 mL of a 0.05 M NaOH solution and water was
removed. After stirring at room temperature for 24 h, the mixture was filtered.
Removal of the solid carbon allotrope from the solution is essential to avoid the
reaction of the deprotonated groups on the carbon allotrope surface with HCI. A
portion of the solution (10 mL) was mixed with a water solution of HCI (0.05 N,
20 mL). CO2 was removed from solution immediately before the titration. The
obtained mixture was titrated using a 0.05 M solution of NaOH.

CO:2 Removal with N2. The samples were poured in 40 mL glass vials equipped
with glass septum lids. N2 was bubbled into the vial through a needle submerged
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in the solution. The bubbling rate was less than 1 mL/min. The time of degasifi-
cation was 24 h. After degasification, the samples were transferred to a beaker
that had been purged with inert gas and covered with Parafilm, to prevent ab-
sorption of atmospheric COa.

UV-Vis Titration of Os. A Hewlett-Packard 8452A diode-array spectrophotome-
ter was used to perform the optical absorption measurements. The dispersions
wherein the concentration of O3 was to be determined (ca. 3 mL) were placed in
a 1 cm optical path quartz cuvette with a Pasteur pipet. The UV-visible spectrum
reported the absorption as a function of the wavelength of the radiation between
200 and 750 nm.

5.3 Results and discussion

5.3.1 Catalyst characterization

Table 1 lists the carbon materials employed as catalysts in the present
work, their precursors, and the preparation methods. The preparation and char-
acterization of some of the materials have been already reported, and references
are provided to the papers where these materials were originally disclosed. The
synthesis of two other carbon materials, namely, HSAD-HNOs and PD in Table
1, has been performed for the first time for this work. Among the most relevant
characterization data, XPS provides information on the elements present on the
catalyst surface, their relative abundance, and their distribution among the dif-
ferent families. To illustrate the relevant data obtained by XPS, Figure 1 shows
C1s and O1s peaks recorded for HSAG-OH, which, as it will be commented be-
low, is the most active ozonation catalyst. As can be seen in this figure, both C
and O elements are present on the surface with an atomic proportion of 91.3
and 8.7%, respectively, and their high-resolution experimental peak can be fitted
to four and three components for the C and O, respectively. We will come back
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later to this point when commenting on the active sites on edge-functionalized
graphite and the deactivation mechanism.

Among the samples tested a high-surface area graphite modified with
oxygen-functional groups both at edges and on the basal planes was prepared
via HNO3 oxidation treatment (HSAG-HNQO3), similarly to other reported carbo-
naceous materials.*® The oxidation of HSAG material by HNO3 was confirmed by
combustion elemental analysis that provides an estimation that the oxygen con-
tent of HSAG-HNO: is about 12 wt %. It should be commented that the oxygen
content in the commercial HSAG is negligible. XPS C1s and O1s peaks of the
HSGA-HNO; also confirm the presence on the HSAG surface of oxygen-func-
tional groups having single, double and three C-O bonds such as alcohols, car-
bonyl and carboxylic derivatives [Figure S1, Supporting Information (SI)]. These
oxygen functional groups were also evidenced by FT-IR spectroscopy. Vibration
bands at 3300, 1710, and 1200 cm™" are characteristic of O-H, C=0, and C-0O
bonds, present in alcohols, carbonylic, and carboxylic functional groups, respec-
tively.

Pyrolyzed diamond NPs (PD) were prepared by pyrolysis of commercial
nanodiamonds (D) at 900 °C, as previously reported.>® Raman spectroscopy of
PD clearly shows the formation of a defective sp? network characterized by the
observation of the D, G, and 2D bands that are absent in the parent D sample
(Figure S2a, SI). TPD characterization of PD also confirms the removal of surface
functional groups present in the commercial D sample (Figure S2b, SI). In addi-
tion, the solid-state >*C NMR spectrum of PD shows the presence of carbon at-
oms with sp? and sp® hybridization (Figure S3, Sl). Previous studies by our group
have reported the absence of sp? carbon on commercial D NPs.>? The formation
of graphene layers on the surface of D upon pyrolysis at 900 °C agrees with a
recent report describing also the formation of a few outer graphene layers in a
core/shell configuration upon pyrolysis of diamond NPs (Figure S4, SI). In fact,
HRTEM of PD further confirms the formation of graphene layers with an inter-
planar distance of 3.38 A, while the sp? interplanar distance in D NPs is around
2.02 A. These values measured in the present study are close to the reported 3.56
and 2.06 A interplanar distances for graphite and D, respectively (Figure S5, SI).3
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Table 1. List of catalysts employed in the present work.
Entry Name Abbreviation Precursor/Prepara- Ref.
tion method
1 Graphite G Commercial
2 High-surface area graphite | HSAG Commercial
3 HSAG functionalized with HSAG-OH HSAG/KOH [44, 46]
hydroxyl groups in the
edges
4 HSAG functionalized with HSAG-OH- HSAG/ KOH [44]
OH and COOH groups in COOH
the edges
5 HSAG functionalized with HSAG-HNO3 HSAG/HNO; This work
oxygen-functional groups
in both edges and basal
plane
6 Graphene oxide GO Graphite/Hummers | [53]
method
7 Reduced graphene oxide rGO GO/thermal reduc- | [53]
tion at 200 °C
8 Multiwall carbon nano- MWCNTs Commercial -
tubes
9 Diamond nanoparticles D Commercial -
10 Hydroxylated diamond NPs | D-OH Chemical treatment | [54]
+ hydrogen anneal-
ing of D NPs
11 Pyrolyzed diamond NPs PD D NPs/pyrolysis at | This work
900 °C for 2 h
12 Activated carbon AC Commercial -
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Figure 1. XPS C1s (a) and O1s (b) peaks of fresh HSAG-OH. The figure shows also
the best deconvolution of the experimental peaks to individual components and
their corresponding percentages.

5.3.2 Catalytic activity

Comparison of Catalytic Efficiency of Various Carbon Materials. In the first stage
of the work, the efficiency of different carbonaceous materials as catalysts for the
ozonation of organic pollutants in water was compared. Oxalic acid was selected
as the probe molecule to determine the efficiency of the catalytic ozonation (Fig-
ure 2a).'2® Graphs of Figure 2 show the dependence on time of the concentra-
tion of oxalic acid upon reacting with ozone, both in the presence of different
carbocatalysts (a) as well as in the presence of transition-metal catalysts (b) and
at different pH values with HSAG-OH as the catalyst (c).
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Figure 2. Decomposition of oxalic acid by ozone. (a) Relative oxalic acid concen-
tration vs time at pH 3 without catalyst (A) or in the presence of HSAG-OH (e),
HSAG (O), rGO (m), or GO (o) as catalyst. (b) Relative oxalic acid concentration
vs time at pH 3 in the presence of HSAG- OH (e), Co304 (0), or Fe:0Os3 (M) as
catalyst. (c) Relative oxalic acid concentration vs time in the presence of
HSAG-OH as catalyst, at pH 2 (o), pH 3 (e), pH 4 (O), pH 5 (¥), pH 7 (V), pH 9 (
@), or pH 12 (A). (d) Ozone stability in water in the absence of catalyst as a
function of the pH: pH 2 (l), pH 3 (<), pH 5 (1), pH 7 (O), pH 9 (e), pH 10 (&),
and pH 12 (A). Reaction conditions: catalyst (50 mg L™"), oxalic acid (50 mg L™),
O3 (140 mg/h), pH as indicated, 20 °C, and Os to oxalic acid molar ratio 5.3. The
inset shows the UV absorption band corresponding to Os at 260 nm.
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As previously reported,™ blank control experiments in the absence of
catalyst reveal that ozone cannot degrade oxalic acid at pH 3 and 20 °C.2% In
general, oxalic acid adsorption on the different carbonaceous materials at pH 3
and 20 °Cis lower than 2 wt %. Importantly, under these experimental conditions,
oxalic acid can be degraded by catalytic ozonation using different carbonaceous
materials: HSAG-OH (), HSAG (O), GO (1), or rGO (H) (Figure 2). The most active
carbocatalyst is that based on commercial HSAG functionalized with hydroxyl
groups on the edges (HSAG-OH), followed by the commercially available parent
HSAG. Both HSAG-based catalysts are more active than previously reported rGO
obtained from the Hummers method followed by thermal reduction at 200 °C.#?
In agreement with previous reports, the catalytic activity of GO was lower than
that of rGO.>® Considering the structure of the various catalysts, these results
reinforce the importance of an appropriate content of oxygen functional groups
together with sp? carbon domains as active sites of ozonation in carbocatalysts.
This proposal agrees also with other studies that have reported the higher car-
bocatalytic activity of rGO with respect to GO as catalysts of oxidations using
H202 or PMS as reagents.?” Importantly, the carbocatalytic activity of HSAG-OH
was higher than that of benchmark commercial inorganic catalysts like Co3O4 or
Fe20s3 (Figure 2b).'2%!

One of the most important parameters that influences the efficiency of
catalytic AOPs is the pH value of the water to be treated.”'®>” Figure 2c shows
that HSAG-OH is an efficient ozonation carbocatalyst in a broad pH window,
from 2 to 9 units, with optimum values around 4. The broad range of pH for
carbocatalytic ozonation, using HSAG-OH, makes the application of this carbo-
catalyst really feasible for wastewaters for which the pH is either acidic or slightly
basic. It should be noted that blank control experiments, performed in the ab-
sence of catalysts, do not significantly degrade oxalic acid (<8% conversion) in
the range of the adopted pH values, except at pH > 12, where slightly higher
oxalic acid degradation was observed (~20% at 240 min).

In order to determine the ozone stability in water at different pH values
in the absence of catalyst, a series of control experiments were carried out (Figure
2d). In agreement with previous reports, Os stability decreases as the pH of the
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aqueous medium increases.’ In fact, at pH values higher than 10, O3 is almost
instantaneously decomposed under the present reaction conditions. It is well-
established that O3 decomposes spontaneously to reactive oxygen species such
as hydroperoxyl radicals at basic pH values.'?

Ozone dose consumption is a decisive factor for the development of AOP
with real potential applications.?? In the present work, additional experiments
have been conducted for the optimization of the ozone dose. It was observed
that, by using HSAG-OH as catalyst, complete oxalic acid degradation at both
pH 3 and 5 takes place when using 2.7 equiv of Os (Figure S6, SI).?? This value
represents a moderate excess with respect to the stoichiometric amount neces-
sary to convert oxalic acid into COa.

Stability of Carbocatalysts. One of the basic requirements of any catalyst is its
stability under reaction conditions. This aspect was in particular investigated for
HSAG-OH and rGO as the catalysts. Results of the reusability test are shown in
Figure 3. HSAG-OH was reused up to 10 times with only a slight decrease in
catalytic activity, and full oxalic degradation was achieved, at longer reaction
times (Figure 3a). These results are definitely better than those collected with
rGO prepared by the Hummers method, which rapidly deactivates after one use
(Figure 3b). On the basis of a previous work, the thermal treatment of the rGO
sample in a muffle at 300 °C allows restoration of its catalytic activity.*?
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Figure 3. Reaction of oxalic acid with ozone. All the graphs show the relative
oxalic acid concentration vs time. (a) HSAG-OH catalyst: (a) 15 use (e), 2" use
(A), 3" use (), 4™ use (V), 51" use (O), 6 use (V), 71" use (A), 8" use (o), 9"
use (@), 10" use («) and reaction in the absence of catalyst (H). (b) rGO catalyst:
15t use (M), 2" use (O), 3 use (V) and 4™ use (A). (c) HSAG-OH catalyst (o),
HSAG-OH removed at 44% oxalic degradation (o), HSAG-OH after six uses and
then pyrolized under Ar atmosphere (M), HSAG-OH after six uses and then re-
duced with hydrazine (O). (d) Productivity test using a large excess of oxalic acid
with HSAG-OH as catalyst. Reaction conditions: catalyst (50 mg L™"), oxalic acid
(50 mg L"), O3 (140 mg/h), pH 3, room temperature, and Os to oxalic acid molar
ratio 5.3. Reaction conditions of productivity test: catalyst (50 mg L™"), oxalic acid
(1 g L"), O3 (140 mg/h), pH 3, room temperature, and Oz to oxalic acid molar
ratio 5.3.
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XPS of the six-times-used HSAG-OH [Figures 4 and S7 (Sl)] reveals the
partial oxidation of the carbon material during the carbocatalytic reaction. Ac-
cording to the deconvolution of the XPS O1s peak, the deactivated HSAG-OH
sample exhibits an increase of the quinone-like oxygens (binding energy 532.5
eV) accompanied by a concomitant decrease of the phenolic-like oxygen (bind-
ing energy 530 eV) (Figure 4, part c vs d). Therefore, comparison of the XPS O1s
of the fresh and deactivated material suggests the role as active sites of phe-
nolic/quinone-like moieties as a redox pair promoting the Os activation. A similar
proposal of phenolic/quinone-like redox pairs as active sites was postulated by
Su and co-workers for the carbocatalytic oxidative dehydrogenation of ethylben-
zene®>? and is in line with the ability of hydroquinones to promote Fenton-like
chemistry as organocatalysts.>*® Importantly, the catalytic activity of the 10-
times-used HSAG-OH can be restored to the value of the fresh sample by per-
forming a reduction process either with hydrazine as reducing agent or by ther-
mal reduction at 300 °C (Figures 3c and 4e,f). XPS of the 10-times-used HSAG
sample treated by thermal treatment or hydrazine confirms the success of the
reduction process to restore the used HSAG-OH material by observing the co-
incidence of the C1s and O1s peaks of the treated samples with those of the
fresh HSAG [Figures 4 and S8 (SI)].

The heterogeneity of the reaction was assessed by observing that the
reaction stops if the catalyst is removed from the reaction and then ozonation is
continued under the same reaction conditions (Figure 3¢, o symbol).

The excellent activity and stability of the HSAG-OH as carbocatalyst was
further established by performing a productivity test, which demonstrated that a
small amount of carbocatalyst (50 mg L™") is able to degrade up to 1 g L™" of
oxalic acid (Figure 3d).
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Figure 4. XPS C1s (a) and O1s peaks (b) for the fresh HSAG-OH (black line),
HSAG-0OH used six times in oxalic acid ozonation (red line), six-times-used
HSAG-OH followed by thermal reduction at 300 °C (blue line), and six-times-
used HSAG-OH regenerated by chemical reduction with hydrazine (pink line).
XPS O1s for fresh HSAG-0OH (c), HSAG-OH used six times in oxalic acid ozona-
tion (d), six-times-used HSAG-OH followed by thermal reduction at 300 °C (e),
and six-times-used HSAG-OH regenerated by chemical reduction with hydra-
zine (f). Spectra have been fitted to the best deconvolution of the experimental
peaks into individual components.
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Insights into the Catalytic Activity of HSAG-OH. In order to get some in-
sights into the origin of the catalytic activity of HSAG-OH, several commercially
available carbon materials with or without further modification were also used as
catalyst to correlate structure and activity. The temporal profiles of the oxalic acid
decomposition by ozone in the presence of the different carbocatalysts are pre-
sented in Figure 5.

A first working hypothesis to explain the higher activity of HSAG-OH
with respect to HSAG was based on the presence of phenolic functional groups
at the graphene edges, which leads to a better water dispersibility, an increase
in the work function of the graphene sheets, and the presence of hydroqui-
none/quinone-like groups as redox centers.

The importance of an adequate HSAG functionalization at the edges by
OH or COOH groups, preserving the sp? nature of the basal carbon atoms and
the high work function, was further evaluated by comparing the activity of non-
selective HSAG functionalization with oxygen functional groups, at both edges
and the basal planes, using a HNOs aqueous medium as oxidant. The carbocat-
alytic activity of the HSAG-HNOs randomly functionalized with oxygen groups
was clearly lower than that of HSAG-OH (Figure 5a). This activity order indicates
the importance of the presence of sp? domains as active sites that should be
well-dispersed in water by selective edge functionalization.

To address the role of the sp? layer with a high work function due to the
presence of electron donor OH groups as active sites for Os activation, other
commercially available carbon allotropes such as graphite or CNTs were also
tested. It was found that these materials also behave as active carbocatalysts in
accordance with previous reports (Figure 5b).6"%2 The lower activity of graphite
with respect to HSAG can be attributed to the lower specific surface area of the
former and, therefore, the lower density of available sp> domains performing as
active centers. The use of commercially available activated carbon as carbocata-
lyst resulted in lower activity with respect to carbon allotropes. A plausible ex-
planation of the lower carbocatalytic activity of activated carbon with respect to
the carbon allotropes would be the presence of sp* domains on its amorphous
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carbon network. In fact, the activity of nanometric diamond constituted by sp?
carbons as carbocatalyst is negligible, a fact that is in agreement with our pro-
posal of sp? domains as centers activating ozonation (Figure 5b). The use of a D
solid functionalized with hydroxyl groups (D—OH) does not increase the activity
of the D sample (Figure 5b). Notably, if nanometric D samples are submitted to
pyrolysis at 900 °C for 2 h, as a result of the surface graphitization of the D NPs,
the resulting PD material is as active as HSAG—-OH (Figure 4c). Attempts to reuse
PD resulted in a decrease of the initial catalytic activity (Figure 4d). Interestingly,
HSAG-OH and nanometric PD decompose rapidly O3 (<2 min) in the absence of
oxalic acid at pH 3, while O3z decomposition at pH 3 in the presence of commer-
cial D NPs follows almost a coincident profile as that measured in the absence of
any catalyst. All these findings reinforce the role of high work function sp? carbon
layers as redox activator in ozonation, although it seems that they become par-
tially oxidized, partially losing activity under reaction conditions.

According to this rationalization, the role of phenolic groups in
HSAG-OH would be to increase the electron density of the graphene layers that
would act as electron donors versus ozone triggering the generation of reactive
oxygen species (see below). Figure 6 illustrates the mechanistic proposal. Related
to this rationalization, Wang and co-workers have addressed by DFT the role of
oxygens and edges as active sites donating electrons to peroxomonosulfate.®®
These —OH groups can be considered as electron-rich hydroquinone moieties.
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Figure 5. Temporal evolution of oxalic acid concentration upon ozonation in the
presence of various catalysts. Catalysts: (a) HSAG-OH-COOH (A), HSAG-OH
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fourth use (V) of the PD catalyst. Reaction conditions: catalyst (50 mg L™"), oxalic
acid (50 mg L"), Os (140 mg/h), pH 3, 20 °C, and O3 to oxalic acid molar ratio
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HSAG-OH  Reactive oxygen species

Figure 6. Proposed pathway for the oxidation of phenolic groups present in
HSAG-OH to quinone-like moieties and one-electron reduction of ozone and
formation of reactive oxygen species.

5.3.3 Role of dispersibility

The previous proposal of sp? carbon domains with high work function and
phenol/quinone as redox pairs active sites for catalytic ozonation does not con-
sider that the catalyst is constituted by graphite particles (HSAG-OH) that have
low hydrophilicity and quickly sediment in a liquid due to the poor dispersibility.
To address the role of other possible oxygenated functional groups increasing
hydrophilicity and water dispersibility, an analogous HSAG functionalized with
carboxylic and hydroxyl groups on the graphene edges was prepared
(HSAG-OH-COOH).* To make available the previously commented active sites,
an increase in hydrophilicity and dispersibility should be beneficial. In this con-
text, it is interesting to note that the activity of HSAG-OH-COOH is higher than
that of HSAG-OH (Figure 4a). This result reinforces the idea that the activity of
HSAG-based materials derives mainly from phenolic/ quinone-like moieties and
the high work function of HSAG-OH layers derived from its unaltered sp? net-
work combined with the high dispersibility of the graphite particles in water, due
to the polar oxygen-containing functional groups. The content of oxygenated
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functional groups was quantitatively evaluated (as described in the Experimental
Section) using the Boehm titration method, which allows one to determine
groups such as carboxyls, lactones, and phenolics. The total amounts of such
functionalities were 0.75, 3.0, and 4.5 mmol/g for HSAG, HSAG-OH, and
HSAG-OH-COOH, respectively. Water dispersions of HSAG-OH and
HSAG-OHCOOH were prepared, at 1, 0.5, 0.1, 0.05, 0.01, 0.005, and 0.001 mg/mL
as the nominal material concentration, and UV - vis absorption analysis was per-
formed (Figures S9 and S10, SI). Details are reported in the Supporting Infor-
mation and in the Experimental Section. In particular, results from the UV-vis
analysis of HSAG-OH and HSAG-OH-COOH suspensions in water, shown in
Figures S10 and S11 (SI), reveal the larger stability of HSAG-OH-COOH disper-
sions.

Reactive Oxygen Species Involved in the Mechanism. In order to get some in-
sight about the nature of the reactive oxygen species formed during the catalytic
ozonation in the presence of HSAG-OH catalyst, EPR measurements and selec-
tive radical quenching experiments were carried out. The use of DMPO as spin
trap of reactive oxygen species (ROS) derived from ozone in aqueous solution in
the presence of HSAG-OH has allowed determination of the presence of hy-
droperoxyl radicals (Figure 7a), while the use of TEMP reveals the formation of
02 (Figure 7b). Selective quenching experiments using DMSO or tert-butyl alco-
hol do not inhibit the carbocatalytic oxalic degradation by ozone and, therefore,
rule out the possible presence of hydroxyl radicals.?* These results are in agree-
ment with those obtained by Shaobin and co-workers using rGO prepared by
the Hummers method as carbocatalyst for ozone activation, which have firmly
ruled out by EPR measurements the possibility of hydroxyl radical generation.*?
In contrast, those studies have detected hydroperoxyl or '02 species that were
considered as responsible for the oxidation reaction.*? Those conclusions are co-
incident with those of the present study. In addition, in this work, TOC measure-
ments of the oxalic acid aqueous solution before and after the catalytic ozona-
tion confirm the complete mineralization of the organic compound to CO2z and
H20.
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Figure 7. (a) EPR spectra for ozonation in the presence of DMPO as trapping
agent recorded in the absence (black line) or presence (red line) of HSAG-OH as
catalyst. (b) EPR spectra of Oz in water in the presence of TEMP as trapping agent
recorded in the absence (1) and in the presence (2) of HSAG-OH as catalyst.
Reaction conditions: catalyst (50 mg L™"), Os (140 mg/h), trapping agent (1 g L),
pH 3, room temperature, and 30 min reaction.

5.4 Conclusions

Using oxalic acid decomposition as the probe reaction, the present paper
has shown the catalytic activity for ozonation of a series of graphite and gra-
phene materials at pH values in the range from 3 to 9. Higher pH values result in
the spontaneous, fast, uncatalyzed decomposition of Os. It was observed that
optimal catalysts are those having sp?> domains and a suitable work function that
can be well-dispersed in water. This requires the presence of hydrophilic OH
groups at peripheral positions without disturbing the sp? domains. Under the
explored reaction conditions, it seems that graphene materials are prone to de-
activate, due to auto-oxidation, and that the presence of a dopant element has
a detrimental effect on the catalytic activity. EPR measurements using spin trap
agents and quenching experiments using selective inhibitors indicate that the
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reactive oxygen species generated in the process are mainly hydroperoxyl radi-
cals and singlet oxygen. No evidence for the formation of hydroxyl radicals was
obtained

Considering the wide use of ozone for water disinfection, the present
results open new opportunities for enhancement of an ozone effect beyond dis-
infection for pollutant decomposition using transition-metal-free catalysts based
on carbon materials that can exhibit even and enhanced catalytic activity.
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5.6 Supplementary information
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Figure S1. XPS C1s (a) and O1s (b) peaks of the HSAG-HNOs sample. The area

percentages of the different individual components are also presented.
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Figure S2. Raman (a) and TPD (b) commercial D (black line) and PD (red line) (a).
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Figure S3. Solid state 3 C-NMR spectrum of PD sample.
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Figure S4. HRTEM of commercial D S4 NPs (a), D-OH (b) and PD (c) samples.

181



Chapter 5. Catalytic ozonation in graphite-based materials

Figure S5. HR-TEM images and interplanar distance of commercial D (a, c)
and PD (b, d).
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Figure S6. Relative oxalic acid concentration vs time during the reaction with
ozone at pH 3 (M) or 5 (O) using HSAG-OH as carbocatalyst and an ozone to
oxalic acid molar ratio of 2.7. Blank controls at pH 3 (o) or 5 (e) in the absence of
catalyst are also presented. Reaction conditions: Catalyst (50 mg L"), oxalic acid
(50 mg L"), pH as indicated and 20 °C.
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Figure S7. XPS C1s peaks (a, c) and O1s peaks (b, d) of fresh HSAG-OH (a, b black
line) and six-times used (c, d) catalyst. The peaks shows also the best deconvo-
lution of the experimental peaks to individual components.
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Figure S8. XPS C1s (a and c) and O1s (b and d) for HSAG-OH catalyst used six
times in oxalic acid ozonation and then either reduced thermally (a, b) and used
six times and then reduced with hydrazine (c, d). The percentages of the individ-
ual components are indicated for each.

Water dispersions of HSAG-OH (A) and HSAG-OH-COOH

Dispersions were prepared through a mild sonication and analyzed by UV-Vis
absorption analysis as explained in the experimental part.

Figure S9 presents dispersions of HSAG-OH (A) and HSAG-OH-COOH (B)
in nominal concentration range from 1 mg/mL to 0.005 mg/mL. Plots of UV-Vis
absorbance as a function of the concentration are shown in Figure S10. UV-Vis
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absorption spectra of HSAG-OH (A) and HSAG-OH-COOH (B) samples at differ-
ent concentrations, after sonication and after 3 days are shown in Figure S11.
The spectra in Figure S10 and S11 show the larger absorbance and the better
stability of HSAG-OHCOOH dispersions. Figure S9 shows that dispersions of
HSAG-OH exhibit lighter colour, at low concentrations, and they are even col-
ourless at concentrations of 0.01 and 0.005 mg/mL compared the dispersions
based on HSAG-OH-COOH that are darker. These data indicate that HSAG-OH-
COOH is more efficiently dispersed in water. The colourless dispersions of HSAG-
OH at the lowest concentrations indicates the absence of graphitic material.

Figure S9. HSAG-OH (A) and HSAG-OH-COOH (B) water dispersions at different
concentration: 1 (a), 0.5 (b), 0.1 (c), 0.005 (d), 0.01 (e) and 0.005 (f) mg/ml.
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Figure S10. Linear relationship between the absorbance at 320 nm and the con-

centration of HSAG-OH (a) and HSAG-OH-COOH (c) in water; Plot b and d shows

the dependence of UV-Vis absorbance on the concentration of HSAG-OH (b) and

HSAG-OH-COOH (d) in water dispersion.
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Figure S11. UV-Vis absorption spectra of HSAG-OH (A) and HSAG-OH-COOH (B)
samples at different concentrations, after sonication and after 3 days.
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Chapter 6

Hybrid sp?/sp® nanodiamonds
as heterogeneous metal-free ozonation
catalysts in water

6.1. Introduction

The development of metal-free heterogeneous catalysts is an area of great in-
terest for academia and industry [1-9]. The ultimate goal of carbocatalysis is the
replacement of transition metal catalysts by sustainable and cost-effective metal-
free carbonaceous materials [10-12]. A clear example of sustainability in this area
has been the use of activated carbons obtained from biomass as carbocatalysts
[13, 14]. The discovery of new carbon allotropes such as nanodiamonds, carbon
nanotubes or graphenes, and related carbon materials has expanded the field
[15]. Currently, one of the challenges in carbocatalysis is the development of cat-
alytically efficient carbons with atomically precise active sites and specific phys-
ico-chemical and electronic properties [16]. The reader is referred to a series of
reviews dealing with the development of carbon-based materials such as gra-
phenes,[16-20] carbon nanotubes, nanodiamonds [21-24], carbon dots [25], and
other carbonaceous materials such as metal-free catalysts [1, 3, 5, 7].
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Since the preparation of nanodiamonds (NDs) at an industrial scale
(Tons) by the detonation method there is an increasing interest in their use for
several applications including heterogeneous catalysis [21]. In the field of carbo-
catalysis, partially graphitized nanodiamonds have found applications as metal-
free heterogeneous catalysts in some reactions used in petrochemistry, fine
chemicals, and environmental remediation [21]. It is generally observed that
commercial NDs annealed at temperatures of between ~700 and 1300 °C in an
inert atmosphere reveal a hybrid structure with a diamond core and graphitic
shells that contain some oxygen functional groups or carbon vacancies as defects
[21, 26, 27]. Annealing at higher temperatures results in the formation of onion-
like carbons exclusively constituted by sp? carbons. As one representative exam-
ple in the area of petrochemistry, Su and co-workers used partially graphitized
NDs as carbocatalysts for the dehydrogenation of hydrocarbons such as
ethylbenzene[28] and propane[29].

In the area of environmental applications, sp?/sp> hybrid NDs have found
applications as metal-free catalysts in advanced oxidation processes (AOP). For
example, Shaobin and co-workers have reported the possibility of using these
hybrid NDs as active carbocatalysts for peroxymonosulfate [30-32] activation and
aqueous phase pollutant degradation [1]. In the area of AOPs there is increasing
interest in the development of heterogeneous catalytic ozonation processes due
to their relatively easy implementation at an industrial scale [33]. The aim of cat-
alytic ozonation is to increase the reactivity of molecular Os towards organic or
inorganic compounds through the formation of reactive oxygen species (ROS)
such as hydroxyl, hydroperoxyl, superoxide radicals, and 'Oz [33]. Cobalt-based
homogeneous or heterogeneous catalysts have proved among the most active
for catalytic ozonation. Importantly, several studies have shown the possibility of
using carbon-based materials such as activate carbons [34-40], carbon nano-
fibers [41], carbon nanotubes [38, 42], graphene and related materials [43, 44] as
metal-free catalysts for heterogeneous catalytic ozonation [45].

With these precedents we report the development of hybrid and defec-
tive sp?/sp> NDs as heterogeneous metal-free catalysts for Oz activation and ox-
alic acid degradation as a model pollutant in water. The characterisation data
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and catalytic activity reveal the importance of an optimized sp?/sp? structure
containing oxygen and nitrogen functional groups on NDs to achieve an excel-
lent level of activity. We are confident that this study will help in the development
of nanocarbons with a surface functionalisation that is adequate for acting as
active sites for oxidation reactions.

6.2. Experimental section

6.2.1. Materials and methods

Diamond nanopowder (ref: 1321JGY, >98 % purity) was supplied by Nanostruc-
tured & amorphous materials, Inc. Dimethyl sulfoxide (DMSO, >99.5%), tert-bu-
tanol (> 99%), NaNs (52002, >99.5 %), 5,5-dimethyl-1-pyrroline N-oxide (DMPO),
and 2,2,6,6-tetramethylpiperidine (TEMP) were supplied by Merck. All other
chemicals and solvents employed in this study were analytical or HPLC grade and
they were also provided by Merck.

Hybrid sp?/sp nanodiamond preparation. Commercial diamond nanopow-
der (Commercial ND; 200 mg) was placed in a tubular oven under argon atmos-
phere and heated at the corresponding temperatures (700, 900, 1100, 1200 °C)
at 5 °C/min for 1 or 4 h. The resulting samples were washed ethanol and water
and finally dried at 100 °C for at least 12 h. The samples were labelled as a func-
tion of the temperature and annealing time as follows: ND-700, ND-900, ND-
1100, ND-1100-4h, ND-1200.

Reactivation of used ND in catalysis. After the reaction, the partially deac-
tivated and most active ND-1100 sample (ND-1100-U, where U means used) was
collected from the aqueous solution by filtration through a 0.45 pm filter and
washed with Milli-Q water (500 mL). Then, the ND-1100-U sample was dried in
an oven at 100 °C for at least 12 h. Finally, the ND-1100-U was reactivated in a
tubular oven under argon atmosphere by heating the sample at 1100 °C at 5
°C/min for 1 h. The resulting sample was labelled as ND-1100-1U-react.
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6.2.2 Characterization

Powder X-ray diffractograms (PXRD) were performed in a Philips XPert diffrac-
tometer (40 kV and 45 mA) using Ni filtered Cu Ka radiation. UV-Raman spectra
were collected at room temperature upon 315 nm laser excitation using a Ren-
ishaw In Via Raman spectrophotometer equipped with a CCD detector. X-ray
photoelectron spectroscopy (XPS) of measurements were recorded with a SPECS
spectrometer with an MCD-9 detector using a monochromatic Al (Ka = 1486.6
eV) X-ray source. The C1s peak at 284.4 eV was employed as reference. High
resolution transmission electron microscopy (TEM) images of nanodiamonds
samples were acquired using a JEOL JEM-2100F instrument operating at 200 kW.
Isothermal N2 adsorption measurements were carried out using an ASAP 2010
Micromeritics station.

6.2.3 Catalytic activity

Catalytic Reactions. Catalytic ozonations were carried out as previously reported
[43]. Briefly, ozone generation was carried out using a commercially available
ozone generator equipped with corona discharge technology. The generated
ozone flow (140 mg Os/h, 570 mL/min) was introduced through a gas diffuser
into the bottom of a glass reactor (300 mL). The catalytic experiments were car-
ried out introducing the oxalic acid aqueous pollutant (50 mg L'; 250 mL) to-
gether with the dispersed NDs (100 mg L") in the glass reactor. The course of
oxalic acid degradation has been followed by analysing reaction aliquots previ-
ously filtered (Nylon filter 0.2 Um) in an ion chromatograph instrument
(Metrohm) equipped with a conductivity detector. The stationary phase was a
column of poly(vinyl alcohol) with quaternary ammonium groups (Metrosep A
Supp 5), while the mobile phase was a basic aqueous solution (Na2CO3 3.2 mM
/ NaHCOs3 1.0 mM).

The heterogeneity of the reaction during the catalytic ozonation using
ND-1100 as metal-free catalyst was performed as follows. Once the oxalic acid
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conversion reached about 50 % an aliquot of the reaction system was sampled
and the catalyst removed by filtration (Nylon filter 0.45 pm). Then, the aqueous
reaction phase in the absence of catalyst was allowed to react with ozone under
the described reaction conditions.

Selective quenching experiments were carried out as described for oxalic
acid but with the addition of DMSO or tert-butanol as selective hydroxyl radical
qguenchers (20 mol % respect to oxalic acid) or in the presence of NaNs (20 mol
% respect to oxalic acid) as selective 'Oz quencher once the reaction is initiated
(~20 % conversion).

EPR measurements. Liquid phase EPR measurements were carried out
using DMPO or TEMP as spin trap. Briefly, an aqueous DMPO or TEMP solution
(1 g/L; 25 mL) containing the ND-1100 as catalyst (5 mg) a pH 3 was introduced
in the ozonator system (140 mg/h) for 30 min. EPR spectra of filtered (0.45 mm
Nylon filter) and argon-purged aliquots (5 mL) were measured in a Bruker EMS
spectrometer (9.803 GHz, sweep width 3489.9 G, time constant 40.95 ms, mod-
ulation frequency 100 kHz, modulation width 1 G, and microwave power 19.92
mW). Similarly, solid phase EPR measurements were carried out using an argon-
purged quartz support containing the ND samples and the spectra recorded at
100 K.

Total organic carbon (TOC) measurements of the reaction aliquot at the
end of the catalytic ozonation (180 min) using ND-1100 as metal-free catalyst
were carried out using a High TOC Elementar Il analyzer.

6.3 Results and discussion

6.3.1 Catalyst preparation

In the first step of this study a series of defective hybrid sp?/sp* nanodiamonds
were prepared by submitting commercial NDs to several thermal treatments in
an argon atmosphere at different temperatures and annealing. Powder XRD of
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commercial NDs shows the presence of characteristic diffraction patterns (111)
and (220) of polycrystalline NDs (Figure 1). In addition to these diamond diffrac-
tion patterns, thermally annealed NDs also show the presence of characteristic
graphitic materials (Figure 1). The appearance of a new broad band centred
about 26 ° for the ND samples annealed at temperatures above 1000 °C is re-
markable. This band is characteristic of the stacking of graphitic carbon atoms
with hexagonal crystalline arrangements. These XRD variations agree with previ-
ous reports showing the formation of graphene layers from the external surface
to the core of the NDs. In fact, the thermally annealed NDs at temperatures above
1000 °C exhibited broadened and less intense diamond peaks than pristine ND.
This observation agrees with the reduction of the diamond core and concomitant
formation of graphitic shells. Therefore, the higher the annealing temperature or
time, the greater the degree of graphitisation of the samples.
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Figure 1. PXRD of commercial (a) and thermally annealed NDs in argon (b-f).
Legend: a) commercial ND; b) ND-700, c) ND-900, d) ND-1100; e) ND-1100-4h;
f) ND-1200.
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High resolution transmission electron microscopy (HR-TEM) measurements
of commercial and graphitized NDs in an argon atmosphere (Figure 2 and Fig-
ures S1-S7) confirm that high annealing temperatures or long annealing times
result in the formation of core-shell structures with a large number of graphene-
like layers around a diamond core. Commercial NDs (3 - 10 nm size) are charac-
terised by a crystalline diamond core with (111) planes corresponding to an in-
terplanar distance of about 0.21 nm that are surrounded of unstructured amor-
phous carbon frequently referred to as soot-matter (Figure 2a). The annealing of
commercial NDs at 700 or 900 °C for 1 h still shows the presence of a dominant
diamond core with a somewhat disordered graphitic outer shell (Figure 2b,c).
When the annealing temperature is above 1100 °C a clear transformation of the
commercial ND into a core-shell hybridized sp?/sp®> ND with more graphitic lay-
ers is observed (Figures 2d, e). The sample annealed at 1200 °C for 2 h exhibits
the greatest graphitic appearance with the formation of highly ordered onion-
like carbon (OLC) structures (Figure S6) while the core diamond domains can still
be observed (Figure S7). The self-compression of the graphitic layers results in a
lower plane interdistance between the internal layers (ca 0.42 nm) than the most
external layers (ca 0.59 nm) (Figure S6).
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Figure 2. Photographs and HR-TEM images of commercial (a) and thermally an-
nealed NDs in argon (b-f). Legend: a) commercial ND; b) ND-700 c) ND-900, d)
ND-1100; e) ND-1100-4h; f) ND-1200.
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UV-Raman spectroscopy further confirmed an increase in the degree graph-
itisation of thermally annealed NDs along with increased annealing temperatures
and times (Figures 3a and Figure S8). Figure 3a shows that increasing annealing
temperatures or times results in a decrease of the diamond intensity peak at
1326 cm™' together with an increase in graphitic carbon bands (namely, D band
at about 1405 cm™ and G-band at 1590 cm™) [46, 47]. The bands centred at
about 1640 and 1720 cm™ are characteristic of hydroxyl and carbonyl groups,
respectively [46], and become less important with respect to the graphitic carbon
bands (1405 and 1590 cm™) as the temperature or annealing time increases. A
comparison of the Ip/lg ratios of the different samples reveals that the number
of defects in annealed NDs decreases as the annealing temperature or time in-
creases. Overall, the amorphous carbon present in the commercial NDs is trans-
formed/reconstituted during the thermally annealing process into a well-ordered
nanocrystalline graphite shell and the diamond core simultaneously decreases
[29]. The higher the annealing temperature and time, the fewer are the structural
defects and the greater are the presence of OLC structures.
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Figure 3. UV-Raman (a) and FT-IR (b) spectra of commercial ND and thermally an-
nealed NDs in argon.
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FT-IR spectroscopy has been employed to further study the changes of sur-
face functional groups during the thermal annealing of commercial ND in an Ar
atmosphere (Figure 3b). The FT-IR spectrum of commercial NDs shows the pres-
ence of several free alcohol groups (3677 and 1094 cm™) together with a broad
band from 1830 till 1704 cm™ that is characteristic of carbonyl groups including
anhydrides, esters, lactones, cyclic ketones and carboxylic acids [29, 48]. The
bands centred at 1640 and 1384 cm™ can be assigned to a series of alkenes and
alkanes functional groups, respectively. The broad band centred at 1080 cm™ is
characteristic of C-OH or C-O-C bonds. Annealing of commercial ND at 700 °C
causes the removal of the carbonyl groups centred at about 1740 cm™ together
with a shift down of the C-O and/or C-O-C band. Annealing at temperatures
higher than 900 °C further causes the loss of the band centred at 1640 cm™ that
is attributable to alkenes, together with the appearance of a broad band centred
at about 1580 cm that is characteristic of aromatic C=C bonds. This data con-
firms that the thermal annealing of commercial ND at increased temperatures or
times results in the graphitisation of the samples while some oxygen-functional
groups — such as alcohols or ether and phenols — remain even at temperatures
as high as 1200 °C.

The degree of graphitisation of the thermally annealed commercial NDs was
quantified using XPS (Figure 4 and Figures S9-S10). The higher the annealing
temperature and the longer the annealing time, the higher the sp?/sp? ratio (Fig-
ure 4a) together with a decrease in oxygen content (Figure 4b). The ND-1200
sample exhibits the higher sp?/sp? ratio and reduced oxygen content. Similarly,
XPS N1s shows that the nitrogen content of commercial ND (1.3 at%) decreases
as the annealing temperature increases up to 0.9 at % (Figure S11).
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Figure 4. XPS C1s (a) and O1s (b) of commercial ND and thermally annealed NDs
in argon.

In agreement with previous reports, isothermal N2 adsorption measure-
ments (Figure S12) of thermally annealed NDs at temperatures below 1000 °C
exhibit similar BET surface areas as the commercial ND sample (286 m?/g) while
annealing at higher temperatures shows slightly higher values (311 m2/g) and
this is attributed to the thermal expansion of stacked nanodiamonds as the tem-
perature increases [29].

6.3.2 Catalytic activity

The series of graphitized ND were employed as metal-free catalysts for the ozo-
nation of oxalic acid as a model pollutant. Oxalic acid is one of the preferred
organic compounds used during catalytic ozonation in water since molecular Os
can scarcely degrade it under real water treatment conditions [43, 49, 50]. In
agreement with previous reports on the absence of catalysts, a negligible oxalic
acid degradation was observed when working at pH 3 (Figure 5a). Interestingly,
graphitisation of commercial NDs from 600 to 1100 °C for 1 h results in a gradual
increase in catalytic activity for oxalic acid degradation at pH 3 (Figure 5a,b). In
contrast, graphitisation of ND at 1200 °C for 1 h resulted in a sample with slightly
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lower catalytic activity than the ND-1100 sample (Figure 5a,b). Attempts to in-
crease the catalytic activity of the optimised ND-1100 sample by preparing an
analogous sample graphitised at 1100 °C for 4 h resulted in a sample with less
activity (Figure 5a,b). Thus, the ND-1100 sample exhibits the highest catalytic
activity. It should be noted that the catalytic activity of the ND under study does
not correlate with the specific BET surface area of the materials and, therefore,
other key factors should be responsible for the observed catalytic activity. From
XPS it can be concluded that the sp?/sp? ratio increases as the annealing tem-
perature or time increases (Figures 4 and 5c¢). Interestingly, a volcano-type trend
of the catalytic activity with respect to the sp? fraction was observed for the car-
bocatalytic ozonation of oxalic acid at pH 3 (Figure 5d). Figure 5d shows the
catalytic activity gradually increasing together with the sp? fraction of the ND
samples up to the ND-1100 sample. However, further graphitisation of the ND-
1100-4 and ND-1200 samples resulted in a decrease in activity. This data reflects
the importance of a high proportion of sp? carbons, while other factors should
be considered to explain the volcano-trend observed.
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Figure 5. a) Carbocatalytic ozonation of oxalic acid at pH 3 using commercial ND
and thermally annealed NDs in argon. Legend: no catalyst (¢), commercial ND
(#), ND-700 (A), ND-900 (H), ND-1200 (¥), ND-1100-4h (e), ND-1100 (O). b)
Initial reaction rate of oxalic acid degradation during the catalytic ozonation at
pH 3 using NDs. ¢) ND annealing temperature versus sp2 fraction in NDs. d) Initial
reaction rate of the oxalic acid degradation during the catalytic ozonation at pH
3 using NDs with different sp? proportions. Reaction conditions: Oxalic acid (50
mg/L), carbocatalyst (100 mg/L), pH 3, temperature 20 °C, Os to oxalic acid molar
ratio 5.3.

In a related precedent we reported that the carbocatalytic activity of a
graphite-based material can be increased by introducing hydroxyl functional
groups at the edges of the graphene layers [43]. The presence of phenolic groups
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on the graphene sheets increases the work function of the graphite-based ma-
terial and, thus, facilitates one-electron transfer mechanism leading to the sim-
ultaneous formation of semiquinone-like units and O3~ species. Thus, a graphite-
like structure with phenolic and semiquinone-like centres is formed. These phe-
nolic/quinone-like subunits in carbon-based materials have been proposed by
several authors as redox sites catalysing various reactions including the carbo-
catalytic dehydrogenation of ethylbenzene [28], aerobic oxidation of cyclohex-
ane [51], Fenton [52] and photo-Fenton [53] reactions, as well as peroxymono-
sulfate activation [54]. Similarly, Shaobin and co-workers proposed that the
presence of sp> diamond cores in the sp?/p> diamond nanohybrids enrich the
charge density of the graphitic shells, and so favour electron transfer to PMS [30].
It should be, however, commented that as ND samples are obtained from explo-
sive detonation and contain a residual N content, even exposed at the surface
(Figure S121), similar role to oxygen can be also played in the present case of
NDs by nitrogen in those substructures with aniline/imine functional groups [21].

From XPS measurements (Figure 4 and Figures S9-S10) it can be con-
cluded that the most active samples (namely, ND-1100, ND-1100-4h and ND-
1200) exhibit a similar proportion of oxygen-functional groups such as ke-
tonic/quinoid, hydroxyls, and carboxylic derivatives. From XPS it can be also ob-
served that the ND-1100 sample exhibits a somewhat higher oxygen content (8.1
at%) than ND-1100-4h (7.3 at %) or ND-1200 (7.2 at%). Similarly, the ND-1100
sample exhibits slightly higher nitrogen content (1.1 at%) than ND-1100-4h ( 0.9
at%) or ND-1200 (0.9 at%) (Figure S11). Considering the related commented
precedents, the characterisation data of the ND samples under study and the
observed catalytic activity, we attribute the higher activity of the ND-1100 sam-
ple to a synergistic effect between a unique sp?/sp® configuration and the pres-
ence of oxygen and nitrogen functional groups in the graphitic surface that ben-
efits both the charge density and work function of the graphitic layers. The lower
carbocatalytic activity of ND-1100-4h or ND-1200 samples is attributed to their
higher degree of graphitisation and lower population of oxygen and nitrogen
functional groups on the graphene layers that results in a lower work function
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than the optimized ND-1100 sample. The samples annealed at temperatures be-
low 1000 °C exhibited poor activity due to their low sp? content and despite
higher oxygen or nitrogen contents. In fact, the commercial D sample with the
lowest sp? content and the highest oxygen and nitrogen content shows almost
negligible activity.

The influence of the solution pH on the resulting catalytic activity using
ND-1100 was observed as catalytic activity increased as the pH values decreased
(Figure 6). In a previous study some of us have reported that ozone stability de-
creases as the pH of the aqueous solution increases, and therefore, the available
Os in solution decreases along with the pH value [43]. Thus, the lower level of
catalytic activity observed when using ND-1100 as the pH increases can be at-
tributed to less ozone interacting with the catalyst for the formation of ROS.
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Figure 6. Carbocatalytic ozonation of oxalic acid at different initial pH values us-
ing ND-1100. Legend: pH 3 (O), pH 5 (e), pH 7 (0) and pH 9 (M). Reaction con-
ditions: Oxalic acid (50 mg/L), carbocatalyst (100 mg/L), pH 3, temperature 20 °C,
Os to oxalic acid molar ratio 5.3.
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6.3.3. Catalyst heterogeneity and stability

The heterogeneity of the reaction was assessed by performing a filtration test.
Figure 7 shows that once the reaction is initiated, if the catalyst is removed and
the liquid phase can react under the same conditions, then the oxalic acid deg-
radation stops. Thus, it can be concluded that the carbocatalytic ozonation pro-
cess using ND-1100 is truly heterogeneous. Furthermore, catalyst stability of the
most active ND-1100 sample was assessed by performing several reuses. As can
be seen in Figure 7, the catalytic activity decreases on reuse. In a couple of prec-
edents using reduced graphene oxide (rGO) [44] or edge-hydroxylated high sur-
face area graphite [43] as ozonation carbocatalysts, it was reported that catalyst
deactivation during the ozonation process is due to the partial oxidation of the
catalysts and catalyst reactivation can be obtained by submitting the catalyst to
pyrolysis treatment. With these precedents in mind, the used ND-1100 sample
was submitted to an annealing treatment at 1100 °C for 1 h. Interestingly, Figure
7 shows that this process enables recovering the catalytic activity of the fresh
ND-1100 and the process can be repeated several times.
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Figure 7. Reusability of the ND-1100 as a metal-free catalyst during the ozona-
tion of oxalic acid at pH 3. Legend: 15t use (M), 2" use (o), 3" use after reactiva-
tion (@), 4™ use (O), 51" use after reactivation (¢), 61 use (0). Ozonation of oxalic
acid after ND-1100 removal at 52 % conversion (A) during the 1! catalytic cycle
(H). Reaction conditions: Oxalic acid (50 mg/L), carbocatalyst (100 mg/L), pH 3,
temperature 20 °C, Os to oxalic acid molar ratio 5.3.

To obtain insights about the deactivation-activating process, the used
ND-1100-1U and reactivated ND-1100-1U-react sample were characterised by
PXRD (a series of spectroscopic techniques including UV-Raman, FT-IR, XPS, and
EPR together with TEM measurements). PXRD of the used ND-1100-1U sample
shows a decrease in the broad band centred about 26 © — which is a characteristic
of the graphitic layers present in the fresh ND-1100 (Figure 8a). Interestingly, the
reactivated ND-1100-1U-react sample again shows this graphitic band in the
fresh carbocatalyst (Figure 8a). In good agreement with these observations, TEM
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measurements reveal that the used ND-1100-1U sample is characterised by
fewer graphitic layers and a correspondingly higher number of diamond planes
than the fresh ND-1100 sample (Figure 8a, b and Figure S13). Moreover, thermal
annealing of the used ND-1100-1U sample again enables the re-graphitisation
of this sample (Figure 8c and Figure S14).
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Figure 8. PXRD (a) and TEM images of ND-1100 (b), ND-1100-1U (c) and ND-
1100-1U-react (d).
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UV-Raman, FT-IR, and XPS spectroscopies further confirmed the changes
observed by PXRD and TEM measurements. The Raman spectra of the ND-1100-
1U sample is characterised by a diamond peak intensity at 1326 cm™ higher than
that of fresh ND-1100 — together with a decrease in the graphitic D and G-bands
(Figure 9a and Figure S15). Furthermore, the partial oxidation of the ND-1100-
1U sample is characterised by an increase of the characteristic bands of hydroxyl
and carbonyl groups appearing at 1640 and 1720 cm', respectively (Figure 9a
and Figure S15). In contrast, the ND-1100-1U-react sample recovers the UV-Ra-
man features of the fresh ND-1100 sample characterised by a graphitised dia-
mond outer part with a small proportion of oxygen-functional groups (Figure 9a
and Figure S15). Moreover, the increased Io/Ic ratio of the ND-1100-1U sample
in comparison with the fresh ND-1100, together with the recovery of the Ip/lc
ratio of the ND-1100-1U-react in comparison with the fresh sample, agree with
the partial oxidation and reconstitution of the ND samples (Figure 9a). Moreover,
the FT-IR spectrum of the ND-1100-1U sample reveals an increase in the hy-
droxyl, carbonyl, and carboxylic functional groups in comparison with the fresh
ND-1100 sample — while the ND-1100-1U-react sample recovers the character-
istic FT-IR bands of the fresh ND-1100 sample (Figure 9b). Analogously, compar-
ison of the XPS spectra of the fresh ND-1100 sample with the ND-1100-1U sam-
ple shows a shift in the binding energies of both C1s and O1s spectra to higher
values attributable to the partial oxidation of the ND-1100 surface (Figure 9c,d
and Figure S16). A more intense O1s spectrum for the used ND-1100 sample in
comparison with the fresh sample further confirms the oxidation of the ND-1100
surface after use (Figure 9d). Quantitative XPS analyses of the sp? carbon frac-
tions as well as oxygen and nitrogen content present in the ND-1100 samples
confirm that the used ND-1100 sample becomes oxidised and can be reactivated
after pyrolysis at 1100 °C for 1 h (Figure 9c-e).
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Figure 9. UV-Raman (a), FT-IR (b), XPS C1s (c), XPS O1s (d) and XPS N1s (e) of the
fresh (blue line), used (red line), and reactivated (grey line) ND-1100 sample.
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EPR spectroscopy has also been employed to investigate the deactiva-
tion-activation process of the ND-1100 sample (Figure 10). For the sake of com-
parison, the commercial ND sample was also measured. Previous studies have
shown that the EPR signal of the NDs can be attributed to the presence of carbon
dangling bonds with unpaired electrons in the outer part of the ND samples [30,
55]. In our case, the decrease in EPR signal intensity in the ND-1100 samples in
comparison with the fresh commercial ND is attributable to the decomposition
and reconstruction of the outer part of the NDs leading to the formation of a
graphitic shell with a reduced number of dangling bonds. Partial oxidation of the
used ND-1100-1U sample after one catalytic cycle exhibits a more intense EPR
signal than the fresh ND-1100 sample. Importantly, the reactivated ND-1100-
1U-react sample exhibits an EPR spectrum that is remarkably like that of the fresh
ND-1100 sample. These observations can be interpreted considering that the
surface of the ND-1100 sample is oxidised during the catalytic ozonation with
the corresponding formation of dangling bonds — while a subsequent thermal
annealing at 1100 °C for 1 h reconstitutes the graphitic shell present in the fresh
ND-1100 sample.
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Figure 10. EPR spectra of commercial ND (grey line), ND-1100-1h (blue line), ND-
1100 after one catalytic use (ND-1100-1U, red line) and ND-1100 after one cat-
alytic use and reactivated at 1100 °C for 1 h (ND-1100-1U-react, pink line).

6.3.4. ROS during the carbocatalytic ozonation

The nature of the ROS generated during the ozonation process using ND-
1100-1h as a metal-free catalyst was addressed using EPR spectroscopy and se-
lective quenching experiments. The use of DMPO and TEMP as spin traps enables
the identification of hydroperoxyl and 'Oz species [43], respectively (Figure 11).
The formation of 'Oz during the catalytic ozonation of oxalic acid in the presence
of ND-1100 as a catalyst at pH 3 was further confirmed by observing that the
presence of NaNs, a selective '02 quenching agent, largely inhibits the oxalic
degradation (Figure S17). In contrast, the presence of DMSO or tert-butanol dur-
ing the catalytic ozonation of oxalic acid does not stop the reaction (data not
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shown) and this is interpreted as an indirect probe of the absence of hydroxyl
radicals during the catalytic process. The generation of hydroperoxyl radicals and
02 and the absence of hydroxyl radicals during the carbocatalytic ozonation us-
ing ND-1100 is similar to that found when using analogous carbon-based mate-
rials such as edge-hydroxylated graphitic carbon [43] or rGO as a ozonation cat-
alysts [44]. Furthermore, TOC measurements of oxalic acid as organic aqueous
pollutant before and after the carbocatalytic ozonation using ND-1100 confirm
its complete mineralization to CO2 and H20.
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Figure 11. EPR spectra obtained during the ozonation process using ND-1100-
Th as a metal-free catalyst in the presence of DMPO (a) or TEMP (b) as trapping
agents. Reaction conditions: catalyst (100 mg L"), O3 (140 mg/h), trapping agent
(1 g L"), pH 3, room temperature, and 30 min reaction.

6.4. Conclusions

The present study shows that thermally annealing commercial NDs in an inert
atmosphere results in the formation of defective hybrid sp?/p® nanodiamonds
that perform well as metal-free ozonation catalysts. Characterisation data from
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PXRD, spectroscopic techniques (UV-Raman, FT-IR, XPS and EPR) and TEM meas-
urements reveal that the thermal annealing of commercial NDs produces a dia-
mond core and graphitic shell together with oxygen and nitrogen functional
groups. The higher the annealing temperature of commercial NDs, the greater
the graphitic shell, and the lower the density of structural defects. Importantly, a
volcano-type trend relationship between the catalytic activity for oxalic acid deg-
radation and the sp?/sp? ratio of NDs was found. A synergistic effect between
the sp?/sp® configuration and the presence of oxygen and nitrogen functional
groups for the most active ND-1100 sample was found. It is proposed that the
sp? core of the ND increases the charge transfer to the graphitic shell while the
presence of oxygen functional groups such as hydroxyl, increases the work func-
tion of the material and this produces a superior metal-free ozonation catalyst.
The activity of the partially spent catalyst can be recovered by a simple thermal
annealing process in an inert atmosphere at 1100 °C. EPR spectroscopy and se-
lective quenching experiments have revealed that hydroperoxyl radicals and 'Oz
are the main ROS generated during the catalytic process.

This study has shown the possibility of tailoring the physico-chemical prop-
erties of commercial NDs to develop highly active metal-free ozonation catalysts.
We are confident that this work will further contribute to expanding the field of
metal-free heterogeneous catalysis.
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6.6. Supplementary Material
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Figure S1. Representative TEM image of commercial ND (a) and interplane dis-
tance measurement of selected region from panel a) (b).
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Figure S2. Representative TEM image of commercial ND-700 (a) and interplane
distance measurement of selected region from panel a) (b).
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Figure S3. Representative TEM image of commercial ND-900 (a) and interplane
distance measurement of selected region from panel a) (b).
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Figure S4. Representative TEM image of commercial ND-1100 (a) and interplane
distance measurement of selected region from panel a) (b, ¢).
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Figure S5. Representative TEM image of commercial ND-1100-4h (a) and inter-
plane distance measurement of selected region from panel a) (b, ).
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Figure S6. Representative TEM image of commercial ND-1200 (a) and interplane
distance measurements of selected region from panel a) (b).
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Figure S7. Representative TEM image of commercial ND-1200 (a) and interplane
distance measurements of selected region from panel a) (b, c)
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Figure S8. UV-Raman spectra of ND samples. Legend: a) Commercial ND; b) ND-
700; ¢) ND-900; d) ND-1100; ) ND-1100-4h; f) ND-1200.

226



Chapter 6. Nanodiamonds as metal-free ozonation catalyst

a) 120000 b) 120000 -
100000 4 100000 -
80000+ 80000
4 12
O 60000 O 600004
o' o'
o o
G 40000 O 40000
20000 4 200004
0 o
T T T T T
282 285 288 291 294
BE_Ci1s 100000 -
120000 4 -
c) d)
100000 + 80000 -
80000
60000 4
2 »
QI 60000 - O|
1)
% 40000 E 40000
o
20000 20000 4
0
04
T T T T T
282 285 288 291 294 . . . . .
BE_Cis 282 285 288 291 294
. BE_Cis
e) f) 70000
50000
60000
400004 50000 4
@ 30000 «» 40000
O 15)
» I |
£ 20000 o 30000
O
20000
10000
10000 -
04
T T T T T 0+
282 285 288 291 294 : : : : :
BE Cis 282 285 288 291 294

Figure S9. XPS C1s spectra of ND samples. Legend: a) Commercial ND; b) ND-
700; c) ND-900; d) ND-1100; e) ND-1100-4h; f) ND-1200.

227



Chapter 6. Nanodiamonds as metal-free ozonation catalyst

40000
a ) 45000 b )
40000
35000
@ ©® 30000
O‘ 300004 g\
7]
a o
O 25000 ©
20000 - 20000 4
15000
525 5:‘30 5:‘35 5“10 525 5(‘?0 5(‘55 51‘30 51‘35
Binding energy (eV) BE_Ofts
C) d ) 32000 4
30000
30000 28000
26000
2 n
o T~ 24000
|
2 o\ 22000 4
o [0}
o 20000
200004
O 18000 4
16000 4
14000 4
T T )
525 530 535 540 525 530 535 540
e) BE_Ots f) Binding energy (eV)
26000
24000 f\\ 20000 58.3 »\
22000 \ '
180004
» | \ 37.3
/ \
— 200004 ) \
(@] 16000
| 180004
[%2)
0. 16000 14000
(@)
14000
120004
12000
10000 . . . 10000 |
525 530 535 540 . . )
525 530 535 540

Binding energy (eV) Binding energy (eV)

Figure S10. XPS O1s spectra of ND samples. Legend: a) Commercial ND; b) ND-
700; c) ND-900; d) ND-1100; e) ND-1100-4h; f) ND-1200.
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Figure S11. XPS N1s spectra of ND samples. Legend: a) Commercial ND; b) ND-
700; c) ND-900; d) ND-1100; e) ND-1100-4h; f) ND-1200.
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Figure S12. Isothermal N2 adsorption curves of commercial ND (a; 282 m?/g),
ND-700 (b, 279 m2/g), ND-900 (c, 279 m?/g), ND-1100 (d, 287 m?/g), ND-1100-
4h (e, 311 m?/g) and ND-1200 (f, 317 m?%/g).
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Figure S13. Representative TEM image of commercial ND-1100-1U (a) and inter-
plane distance measurement of selected region from panel a) (b, c).
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Figure S14. Representative TEM image of commercial ND-1100-1U-react (a) and
interplane distance measurement of selected region from panel a) (b, c).
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Figure S15. Raman spectra of ND-1100-1U (a) and ND-1100-1U-react (b).
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Figure S16. C1s XPS spectra of ND-1100-1U (a) and ND-1100-1U-React (b).
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Figure S17. Carbocatalytic ozonation of oxalic acid at pH 3 using ND-1100 as
carbocatalyst in the absence (O) or in the presence (o) of NaNs as selective '02
quencher. Reaction conditions: Oxalic acid (50 mg/L), carbocatalyst (100 mg/L),
pH 3, temperature 20 °C, O3 to oxalic acid molar ratio 5.3.
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Chapter 7

Conclusions

In view of the results of the present Thesis, it can be concluded that the pre-
ozonation of water containing cyanobacteria, even at relatively low concentra-
tions (10,000 cell/mL), is not an appropriate method of controlling the formation
of DBPs, including THMs, HAAs, HANs and HKs. The use of an appropriate acti-
vated carbon surface functionalization by chemical methods is important for the
deposition of small cobalt nanoparticles with superior activity for PMS activation
and aqueous pollutant degradation. The thesis has also shown the possibility of
developing highly active metal-free carbon-based materials as ozonation cata-
lysts. The conclusions of each chapter are as follows.

The chlorination of water containing relatively low concentrations of com-
mon cyanobacteria present in surface waters such as Microcyst results in the for-
mation of considerable amounts of THMs and HAAs accompanied by minor
amounts of HANs and the absence of HKs and trichlonitromethane. Basic pH
values during the chlorination process increase THM formation, have a minor
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influence on HAAs formation, while HAN concentration is reduced. The presence
of bromide ions during chlorination increases the formation of THMs and HANs
with a minor influence on HAA formation. A pre-ozonation process (1.6 mg/L)
reduces the chlorine demand while bromate formation is observed in the pres-
ence of bromide ions (300 pg/L). This pre-ozonation increases THM formation,
generates trichloronitromethane, has a minor influence on HAA formation and
reduces HAN formation.

The functionalization of commercial activated carbon by a chemical treat-
ment using nitric acid is an appropriate method to obtain a large population of
oxygen-functional groups to anchor small cobalt nanoparticles. The most active
catalyst is based on oxidized cobalt nanoparticles (0.2 wt%) supported on a nitric
acid functionalized activated carbon support. The catalytic activity of this mate-
rial for PMS activation and phenol degradation is higher than the benchmark
commercial Co30a4 solid and even than that of homogeneous Co?* ions. The cat-
alyst is active even at pH 7 and 20 °C reaching a TON and TOF value for PMS
activation as high as 4-10° and 8-10° h™', respectively. An optimized PMS to phe-
nol molar ratio of 9.3 allows phenol degradation together with its reaction inter-
mediates (hydroquinone, catechol and p-benzoquinone) and a TOC abatment of
70 %. Catalytic activity increases along with temperature, following the Arrenhius
model. The catalyst is stable during at least eight consecutive cycles without co-
balt leaching or cobalt nanoparticle aggregation. Based on selective quenching
experiments and EPR measurements, it was confirmed that the catalyst decom-
poses PMS in water, leading to the formation of sulfate and hydroxyl radicals.

An edge-hydroxylated high surface area graphite material was found to be a
highly active metal-free ozonation catalyst for oxalic acid degradation. This car-
bocatalyst shows higher activity than the parent graphite, commercial activated
carbon (Norit), commercial multiwall carbon nanotubes, commercial diamond
nanoparticles, graphene oxide, and reduced graphene oxide as well as the
benchmark ozonation catalysts Co3O3 or Fe20s. The edge-hydroxylated graph-
ite-based material can be reused 10 times with a gradual decrease of activity
while achieving full oxalic acid degradation at longer reaction times. The catalytic
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activity of the partially-spent carbocatalyst can be easily recovered by thermal or
chemical reduction procedures. EPR measurements and selective quenching ex-
periments revealed the formation of hydroperoxyl and 'Oz as ROS. The excellent
activity of this carbocatalyst can be attributed to the presence of the sp? domain
with an appropriate work function due to the presence of edge-hydroxylated
functional groups that also favor the dispersion of the carbon material in water.

A series of defective hybrid sp?/sp® core-shell nanodiamonds were devel-
oped and used as metal-free ozonation catalysts. A volcano-trend relationship
between the catalytic activity for oxalic acid degradation and the annealing tem-
perature was observed. From the characterization data it can be concluded that
the most active sample annealed at 1100 °C for 1 h has a unique sp?/sp? core-
shell configuration with appropriate oxygen and nitrogen functional groups that
favours the electron enrichment of the outer sp? shell and also exhibits an ap-
propriate work function due to the presence of hydroxyl/ether functional groups
that enhance its catalytic activity. The catalytic activity of the partially deactivated
carbocatalyst can be recovered by annealing at 1100 °C for 1 h. EPR measure-
ments and selective quenching experiments revealed that the main ROS gener-
ated during the catalytic ozonation are hydroperoxyl radicals and '02 species.
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Chapter 8
Abstract of the thesis

Abstract

Water is essential for life. The present Thesis studied the use of ozone and per-
oxymonosulfate as oxidants in water treatments for disinfection by-products
control or pollutant degradation. Pre-ozonation of natural water was considered
as a general drinking water treatment able to minimize the formation of DBPs. In
this Thesis, however, it has been demonstrated that pre-ozonation of surface
water containing common cyanobacteria is not a suitable treatment for control-
ling chlorination-based DBPs (trihalomethanes, haloacetic acids, haloacetoni-
triles, haloketones and trichloronitromethane).

AOPs based on ozone and peroxymonosulfate are considered to be some of
the preferable technologies for water pollutant degradation. This Thesis has
shown that appropriate activated carbon functionalization by chemical treatment
results in a surface functionalization with a large population of oxygen functional
groups able to deposit small cobalt nanoparticles. The resulting material exhibits
a catalytic activity for PMS activation and phenol degradation superior to most
of the previous studies in the field. It has also shown the possibility of developing
highly active metal-free ozonation catalysts based on edged-hydroxylated high
surface area graphite or defective sp?/sp® nanodiamonds.
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Resumen

El agua es esencial para la vida. La presente Tesis ha estudiado el uso de ozono
y peroximonosulfato como oxidantes en tratamientos de agua para el control de
subproductos de desinfeccién o degradacion de contaminantes. La preozona-
cién del agua natural, se consideré como un tratamiento general del agua pota-
ble capaz de minimizar la formacion de subproductos de la desinfeccién (DBP).
En esta tesis, sin embargo, se ha demostrado que la preozonacién de aguas su-
perficiales que contienen cianobacterias comunes, no es un tratamiento ade-
cuado para controlar los DBP basados en cloracién (trihalometanos, acidos ha-
loacéticos, halonitrilos, halocetonas y tricloronitrometano).

Los procesos de oxidacion avanzada (POAs) basados en ozono y peroximo-
nosulfato se consideran algunas de las tecnologias preferibles para la degrada-
cion de contaminantes del agua. Esta tesis ha demostrado que la funcionaliza-
cion adecuada del carbdén activo mediante tratamiento quimico da como
resultado una funcionalizacién superficial del carbdn con una gran poblacién de
grupos funcionales de oxigeno capaces de depositar pequefias nanoparticulas
de cobalto. El material resultante exhibe una actividad catalitica para la activacion
del PMS y la degradacion del fenol superior a la mayoria de los estudios previos
en este campo. También ha mostrado la posibilidad de desarrollar catalizadores
de ozonizacién libres de metales altamente activos basados en grafito de alta
area superficial hidroxilado en los bordes o en nanodiamantes sp? / sp® defec-
tuosos.
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Resum

L'aigua és essencial per a la vida. La present Tesi ha estudiat I'is d'0z6 i peroxi-
monosulfat com oxidants en tractaments d'aigua per al control de subproductes
de desinfeccié o degradacié de contaminants. La preozonacié de I'aigua natural,
es va considerar com un tractament general de I'aigua potable capag de minimi-
tzar la formacié de subproductes de la desinfeccidé (DBP). En aquesta tesi, pero,
s'ha demostrat que la preozonacioé d'aigles superficials que contenen cianobac-
teries comuns, no és un tractament adequat per controlar els DBP basats en clo-
racio (trihalometans, acids haloacétics, halonitrilos, halocetones i tricloronitro-
meta).

Els processos d'oxidacioé avangada (POAs) basats en 0zd i peroximono-
sulfat es consideren algunes de les tecnologies preferibles per a la degradacié
de contaminants de Il'aigua. Aquesta tesi ha demostrat que la funcionalitzacié
adequada del carbé actiu mitjangant tractament quimic déna com a resultat una
funcionalitzacio superficial de I'carbd amb una gran poblacié de grups funcionals
d'oxigen capacos de dipositar petites nanoparticules de cobalt. El material resul-
tant exhibeix una activitat catalitica per a l'activacié del PMS i la degradacié del
fenol superior a la majoria dels estudis previs en aquest camp. També ha mostrat
la possibilitat de desenvolupar catalitzadors d'ozonitzacié lliures de metalls alta-
ment actius basats en grafit d'alta area superficial hidroxilat en les vores o en
nanodiamants sp? / sp> defectuosos.
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