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Abstract

Wastewater during wet weather flow (WWF) is highly loaded with various pollutants including
suspended solids, microorganisms, inorganics, organics, and micropollutants. My research
compared different coagulant salts used in the enhanced primary treatment (EPT) during WWF.
Then, my project explored ferrate as a coagulant/coagulant aid/disinfectant to be applied during

the EPT and as an oxidant to degrade selected micropollutants.

Alum and poly-aluminum chloride surpassed ferric chloride and achieved higher removals of
turbidity (90% to 93%) and ortho-phosphate (OP) (73% to 83%). All tested coagulants attained
comparable removals of total suspended solids (TSS) (95% to 99%) and chemical oxygen demand
(COD) (64% to 71%). The bench and full-scale data were in agreement. The turbidity and percent
ultraviolet transmittance showed good correlations with TSS and OP which evokes their use for
online process control and monitoring.

Ferrate as a coagulant was evaluated based on a two-level factorial design with an emphasis on the
effects of rapid mixing, slow mixing, and polymer addition. At the optimized condition, ferrate
(0.5 mg/L Fe) with a cationic polymer (1.25 mg/L) removed 83%, 87%, 70% and 23% of turbidity,
TSS, COD, and OP respectively. General linear models were developed to adequately predict the
responses. This study thoroughly examined ferrate, in a first application, as a coagulant aid with
alum for the EPT. Ferrate (8 mg/L Fe) achieved 2.1 log removal of E.coli when used as a coagulant
and more than 3 log removal when used as coagulant aid (with alum) or disinfectant (after
coagulation/flocculation/settling). The target levels of turbidity (<8 NTU), TSS (< 25 mg/L) and

ferrate-induced iron particles (<0.6 mg/L Fe), as well as 5-log removal of E. coli, were achieved
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at 31 minutes with the optimum ferrate dose 10 mg/L Fe added as coagulant aid along with 6 mg/L
Al of alum.

To further investigate the inactivation of E. coli in the EPT effluent, different ferrate doses
(5, 8 and 10 mg/L Fe) were tested at different temperatures (9 and 19 °C). By increasing the ferrate
dose from 5 to 10 mg/L Fe, the E. coli inactivation level increased from 1.6 to 4 log removal within
3 minutes at 19 °C. The disinfection kinetics data fit properly into Chick-Watson, Hom and
Collins-Selleck models with adjusted R? ranging between 0.94 and 0.99. In particular, Chick-
Watson’s model was the most suitable to model the ferrate disinfection kinetics in the EPT effluent.
The inactivation rate constant was less dependent on temperature and more dependent on ferrate
dose which was also confirmed by ANOVA. Flow cytometry analysis revealed that ferrate could
cause a significant damage to E. coli cell membrane whereas a limited damage to DNA was
observed. It was also confirmed that hydrogen peroxide was produced in-situ during the
application of ferrate. Ferrate slightly increased the acute toxicity of the EPT effluent likely due to
the formation of toxic by-products.

This research also examined the effect of ferrate on the oxidation of selected micropollutants
in a buffered solution. Ferrate exhibited high selectivity on the oxidation of the micropollutants
that were classified into three groups: poorly reactive (removal <50%): atrazine (ATZ),
fluconazole (FLC), mecoprop (MCPP), moderately reactive (removal>50%): diazinon (DZN),
carbendazim (CDZ), perfluorooctanoic acid (PFOA), and highly reactive (removal > 85%):
carbamazepine (CBZ), sulfamethoxazole (SMX), trimethoprim (TMP) and clindamycin (CLN).
Most poorly and moderately reactive compounds as well as CLN showed less dependence on the
pH. In contrast, PFOA was better removed at alkaline pH whereas CBZ, SMX and TMP were

better removed at acidic pH. The oxidation kinetics of DZN and CLN were examined for the first-
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time using ferrate with pseudo-second order rate constants 0.7314 uM's™! and 0.0418 uM's™,
respectively. Hydroxyl radicals showed no contribution to the oxidation process in the ferrate
system, while superoxide radical did contribute. Interestingly, ferric iron (Fe(Ill)) (reduced form
of ferrate) showed minor contribution (up to 25%) to the overall removal of the tested compounds.
The combination of UV/ferrate improved the removal of CDZ by seven times while it hindered

the degradation of MCPP with a minor contribution of hydroxyl radical.
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Chapter 1: General Introduction and Research Objectives

1.1 Background

Wet weather flow (WWF) is associated with high contaminants loading to the surface water
bodies through urban runoff, street runoff, agriculture runoff and bypassed water from combined
sewer systems (Rechenburg et al., 2006). During WWF condition, the amount of wastewater in
combined sewer systems exceed the design capacity of wastewater treatment plants thus excess
water either receives partial treatment or is directly bypassed to the nearby receiving water bodies
(El Samrani et al., 2008). Studies reported that stormwater and surface runoff increased the levels
(2 log higher) of total coliform and pathogens (Cryptosporidium species and E. bieneusi and G.
duodenalis genotypes) in surface water (Huang et al., 2017; Passerat et al., 2011; Rechenburg et
al., 2006). Furthermore, wastewater during WWF is highly contaminated with pharmaceutical and
personal care products (PPCPs), endocrine disrupting compounds (EDCs) and herbicides (Gasperi
et al., 2010). As such, in southwest Stuttgart, Germany, wastewater during WWF increased the
loading of overall herbicides and polyaromatic hydrocarbons by 90% (Launay et al., 2016).
Another study conducted in the USA showed that 40% to 90% of the annual load of hormones and
micro-pollutants detected in influent wastewater came from combined sewer during WWF
(Phillips et al., 2012). These facts alerted the environmentalists and decision-makers to investigate
different methods to curtail WWF impacts. The following section presents the available

technologies used to mitigate WWF impacts.

1.1.1 Treatment technologies of wastewater during wet weather flow condition
WWF impacts might be mitigated by either upstream or downstream approaches. Upstream
approaches mainly aim to regulate or reduce the influent level sent to the treatment facilities

downstream. That includes real-time gate control, porous paving, storage basins and constructed



wetlands (CWs) (Lucas and Sample, 2015). In Italy, CWs removed 87% of chemical oxygen
demand (COD) and 93% of ammonium ion (NH4") from wastewater during WWF condition (Masi
et al., 2017). Under high solid loading condition, CWs may fail to achieve target removal. A study
showed that during WWF, the removal of COD in CW had declined by 18% (Avila et al., 2013).
While CWs require less operation and maintenance, they require a large footprint and have a low
hydraulic rate (Tao et al., 2014). In contrast, downstream approaches that include enhancing the
primary treatment using coagulation or enhanced coagulation processes (ballasted flocculation,
plate settler), might be more compatible during WWF condition.

The primary treatment might be enhanced by incorporating coagulation/flocculation, before
settling, using metal salts such as ferric chloride, alum, polyaluminum chloride (PACI) (Gandhi et
al., 2014; Irfan et al., 2017; Jeon et al., 2017; Krupinska, 2018; Mbaeze MC, 2017; McFadden et
al.,2017). As such for treating WWF wastewater, PACI (10 mg/L Al) and ferric chloride (35 mg/L)
were used as coagulants and were able to remove 100% of turbidity (initial= 114 NTU) and >80%
of heavy metals (Zn, Cu, Cr and Pb) (Initial concentration Co= 25 to 160 pg/L, pH= 6.5 to 7.5,
treatment time=40 minutes) (El Samrani et al., 2008). The authors suggested that the removal of
turbidity occurred via charge-neutralization and sweep-flocculation mechanisms while heavy
metal was removed via sorption onto the formed iron and aluminum hydroxides species. Similarly,
both PACI (1.48 mg/L Al) and ferric chloride (2.67 mg/L Fe), spiked individually in WWF
wastewater samples, removed >90% of total phosphorus (C, =3.5 mg/L) and 60% to 70% of COD
(Co=340 mg/L) and removed 10% to 20% of total nitrogen (C, =28.6 mg/L) (pH = 7.21, turbidity
=130 NTU, treatment time = 40 minutes)(Wang et al., 2016).

Coagulation could be further enhanced by employing a ballasted flocculation technique to

increase the floc-settling velocities (Sumant et al., 2016). The ballasted flocculation includes the



addition of a ballasting agent (micro-sand) in combination with metal-slat coagulant or polymer to
coagulate/flocculate the colloidal particles (EI Samrani et al., 2008). Therefore, in bench-scale
experiments with WWF wastewater samples, implementing ballasted flocculation after alum
coagulation increased the removals of TSS from 20% to 98% (alum= 9.7 to 17.8 mg/L Al, anionic
polymer= 1 to 1.8 mg/L, micro-sand=3 g/L of size =300 um) (Zhu et al., 2007). Likewise, in full-
scale treatment, ballasted flocculation removed 80% to 86% of TSS and 83% to 89% of ortho-
phosphate, and 50% to 90% of heavy metals (Cu, Zn and Pb) (ferric chloride = 70 to 80 mg/L,
micro-sand =3.5 g/L and size= 100-150 um, anionic polymer = 0.8 to 1.08 mg/L, pH=7) (Gasperi
et al., 2012). While the aforementioned techniques were capable of removing the solid contents in
the wastewater, they were incapable of reducing the microbial level. Therefore ferrate which is
known to be a multifunctional chemical that acts as oxidant/disinfectant and coagulant might be a
better choice to mitigate WWF impacts as compared to the conventionally used coagulants

(Sharma, 2002). More details about ferrate are presented in the following section.

1.1.2  Ferrate

Ferrate (FeO4%) is a powerful oxidant with a redox potential of 2.2 V which is higher than
that of ozone (2.1 V) at an acidic condition (pH<2) (Jiang and Lloyd, 2002; Lee et al., 2014;
Sharma, 2011). Also, ferrate has higher stability at higher pH thus for instance at pH=8 only 29%
of ferrate decomposed in buffer solution compared to 51% at pH=7 after 8 hrs (Jiang and Lloyd,
2002). The self-decay of ferrate in water is explained by equations (1.1-1.6) (Lee et al., 2014).
Ferrous species (Fe(V), Fe (IV)) generated by ferrate-decomposition (Fe(VI)) are more reactive
than ferrate (Fe(VI)) (Cho et al., 2006; Sharma, 2013; Siskova et al., 2016). Ferrate-decay

generates eventually hydroxide/oxide, hydrogen peroxide, and oxygen (Lee et al., 2014).

2HFeV'0; + 4H,0 - 2H;Fe'V0O; +2H,0, (1.1)



HFeV'0; + H,0, - H;Fe'VO; + 0, (1.2)
HFeV'0; + H,0, + H* - Fe''(OH), + 0, + 2H,0 (1.3)
HFeV'0; + Fe''(OH), + H,0 — H,FeV0; + Fe'''(OH); (1.4)
H,FeV0; + H,0 + H* - Fe!''(OH); + H,0, (1.5)

H,FeV0; + H,0, + H* - Fe!''(OH); + 0, + H,0 (1.6)

1.1.2.1 Ferrate as a coagulant

The coagulation property of ferrate is derived from the ferric oxide/hydroxide, the final
reduced form of ferrate, which evident to destabilize the colloids in suspension (Jiang et al., 2001).
The colloidal particles may destabilize via charge neutralization or sweep-flocculation. In
principle, the charge neutralization occurs when the coagulant is applied at low doses not
exceeding the solubility limit of metal hydroxide (Duan and Gregory, 2003). Therefore, the
cationic hydrolyzed species of the coagulant are adsorbed on the surface of the negatively charged
colloid particles. In contrast, the sweep-flocculation occurs when the coagulant is applied in a high
concentration exceeding the solubility limit leading to rapid formation hydroxide precipitates
which enmesh the colloid particles (Duan and Gregory, 2003). A study showed that, a low dose of
Ferrate (0.24 mg/L Fe) was able to remove more than 70% of TSS and COD when used to treat
wastewater during WWF (pH=6, COD=314+36 mg/L, TSS,=200+80 mg/L) (Gandhi et al., 2014).
The removal of TSS likely occurred due to the coagulation action of ferric species while COD
occurred via coagulation of particulate COD by ferric species and oxidation of soluble COD by
ferrate reactive species (Gandhi et al., 2014). Ferrate could simultaneously remove heavy metals
(Cu, Mn) (>80%) and natural organic matter (NOM) (>86%) via oxidation, precipitation and/or
adsorption (heavy metal= 0.1 Mm, ferrate= 0.7 Mm, pH= 6-7, DOC= 10 mg/L) (Lim and Kim,

2010). Ferrate coagulation was positively impacted by increasing the pH which is in favor of



forming more ferric hydroxide. Therefore, by increasing pH from 6 to 9, the removal of TSS and
COD increased by 30% (Gandhi et al., 2014). The presence of organic matter may interfere with
the coagulation process as ferrate oxidizes NOM to a more hydrophilic form generating negatively
charged coating adsorbed on iron oxide which inhibits flocs growth (DOC=8 to 10 mg/L, pH=7.5,
turbidity=25 NTU, Ferrate=3 mg/L) (Lv et al., 2018). Ferrate coagulation capacity might be
enhanced by combination with other coagulants. Therefore, using ferrate with ferric chloride
results in rapid flocs formation (fasted coagulation of counter charges of hydrolysis species) and
better removal of suspended solids (ferrate =1.7 mg/L Fe, ferric chloride=6.7 mg/L Fe, DOC= 41

mg/L, turbidity=13 NTU, pH=7.8) (Yu et al., 2016).

1.1.2.2 Ferrate as a disinfectant

Ferrate has a biocidal effect with the ability to inactivate a wide variety of microorganisms
and a high potential to remove disinfection by-products precursors (Sharma et al., 2005). It was
able to inactivate chlorination resisting organisms such as aerobic-forming spores and sulfite-
reducing clostridia (Sharma, 2007). Furthermore, using ferrate as a pre-oxidant followed by
chlorination or ozonation reduced the formation of trihalomethane and bromate (Gan et al., 2015;
Jiang et al., 2016). Therefore, ferrate was considered a competing disinfectant and used to disinfect
water and wastewater (Cho et al., 2006; Jiang et al., 2007; Lee et al., 2004). When applied to
ballasted water (saline water), ferrate (5 mg/L Fe) achieved > 4-log removal of Enterococci, E.
coli and vibrio cholera (pH=8, DOC=0, No=10° to 10’ CFU/mL) (Jessen et al., 2008). In secondary
effluent, ferrate (5 mg/L Fe) attained 2.5 log removal of E. coli compared to 1 log achieved by
chlorine (5 mg/L Clz) within 20 minutes (pH= 7.85, COD=7 mg/L, No=250 to 500 CFU/mL)
(Kwon et al., 2014). Ferrate was examined to disinfect raw WWF wastewater, thus 7 mg/L Fe of

ferrate inactivated 3.8 log of E. coli within 81 minutes (pH=6.7, TSS=83 mg/L, COD=280 mg/L,



No=2.2 x 10° to 2.7 x 10” MPN/100mL) (Elnakar and Buchanan, 2019). Ferrate also inactivated
4-log of enteric pathogenic bacteriophage M2S with a dose of 1.25 mg/L Fe within 3 minutes

(phosphate buffer, pH= 7, No=7.3 x 10° plaque forming unit/mL) (Hu et al., 2012).

1.1.2.3 Ferrate as an oxidant

Ferrate is a selective oxidant attacking compounds with electron-rich moieties (ERM) (e.g.
phenols, anilines, amines, and olefins) (Jiang, 2015; Lee et al., 2009; Yang et al., 2012). In a
secondary effluent spiked with micropollutants (Co= 0.05 to 0.32 mg/L, pH 6 to 8), ferrate (2 to 5
mg/L Fe) degraded >95% of phenolic containing compounds (e.g. bisphenol A and triclosan) and
85% of amine and olefin containing compounds (e.g. carbamazepine and diclofenac) (Lee et al.,
2009). A higher ferrate dose (15 mg/L Fe) was required to degrade 40% of compounds without
ERM (iopromide and ibuprofen, bezafibrate). In a mixture of micropollutants (C, = 100 pg/L) in
clean water, ferrate (5 mg/L Fe) also degraded 60% to 80% of diclofenac, sulfamethoxazole and
carbamazepine while only 20% of bezafibrate (Zhou and Jiang, 2015). Ferrate (5.5 mg/L Fe)
degraded 100% of B-lactam antibiotic (amoxicillin, ampicillin, cloxacillin, and penicillin G)
present in secondary effluent wastewater (pH =7 to 8.5, antibiotic= 0.668 mg/L) (Karlesa et al.,

2014).

1.2 Research hypotheses

The main hypotheses of this research are:

e Metal salts are capable of destabilizing the suspended collides in WWF samples via different
mechanisms including charge-neutralization, sweep-flocculation, inter-particle bridging and
precipitation/adsorption. Evaluation of different coagulants based on the removal of the general

water quality parameters is very important to achieve the best decision.



The coagulation/flocculation processes are highly dependent on the coagulant and coagulant
aid doses and the mixing condition (rapid mixing/slow mixing) thus optimization of the
involved factors is very crucial to achieve effective treatment.

Ferrate is considered as a strong oxidant and reduced to ferric species which makes it acting
simultaneously as an oxidant and coagulant. This might make ferrate a strong candidate to
mitigate WWF concerns at a single dosing point.

Ferrate is a selective oxidant thus effectively oxidizes compounds with electron-rich moieties
while compounds without rich moieties may show high persistency. Benchmarking the
reactivity of highly detected micropollutants with ferrate provides important information for
real application during WWF condition.

Ferrate-oxidation efficiency depends on the initial concentration of ferrate and the
contaminants, Physico-chemical properties of the micropollutants, pH and background demand.
Ferrate is believed to be more reactive at an acidic medium (pH < 5.2) where protonated species
are predominant.

The oxidation-process in the ferrate system may occur directly via ferrate (Fe(VI)) and
indirectly via intermediate generated reactive species: perferryl (Fe(V)), ferryl (Fe(IV)),
hydrogen peroxide (H20.), superoxide radical (O*;) and hydroxyl radical ("OH).

The combination of ferrate/UV is expected to promote the formation of superoxide radical

which may benefit the removal of the persistent micropollutants.

1.3 Research scope and objectives

The objectives of this research are:

e To evaluate the efficiencies of different metals salts as primary coagulants for enhanced primary

treatment (EPT) during wet weather flow (WWF) (chapter 3). Moreover, to obtain the best



operation condition by addressing the effects different operation factors such as initial dose of
coagulant/coagulant aid, mixing conditions.

e To thoroughly evaluate ferrate as a coagulant, coagulant aid, and disinfectant for EPT for
simultaneously minimizing the levels of solids and bacteria (chapter 4)

e To study ferrate inactivation kinetic when used under environmentally relevant conditions (real
wastewater, unadjusted pH, relevant temperature) and finding the important disinfection kinetic
parameters for real application (inactivation rate constant, CT) along with ferrate-mode of
action during disinfection process (chapter 5).

e To examine the oxidation capacity of ferrate for selected micropollutants under
environmentally relevant conditions (concentration in pug/L, spiked in mixture) and the effects
of the oxidant dose and pH levels (chapter 6). The oxidation kinetics of selected micropollutants
and the contribution of oxygen reactive species were also explored. The combination of
UV/ferrate process was investigated against ferrate-persistent micropollutants and radical

species contribution was evaluated.

1.4 Thesis organization

This thesis comprises seven chapters as per the following.

e Chapter one provides a general overview about the main theme of the research addressing the
concerns associated with treating wastewater during WWF and proposing ferrate as a
multifunctional compound able to work as oxidant/disinfectant/coagulant. Chapter one also
states the hypotheses, main objectives, and the thesis organization.

e Chapter two represents a detailed literature review regarding the potential hazard of WWF and

possible use of ferrate to mitigate the expected effects.



e Chapter three explores the capacity of different coagulants namely alum, aluminum
polychloride and ferric chloride to treat WWF wastewater and the optimized conditions
obtained based on bench to full-scale experiments.

e Chapter four focuses mainly on ferrate as a coagulant, coagulant aid and disinfectant and
explores thoroughly its capacity to treat wastewater during WWF to simultaneously minimize
the microbial level and solids contents.

e Chapter five studies ferrate as a disinfectant and evaluates the disinfection-kinetics parameters
using different models to describe the obtained data and highlight the effects of temperature
and ferrate dose on the inactivation of E. coli. Moreover, in chapter five the ferrate-mode of
action for inactivating E. coli is explored using flow cytometry analysis.

e Chapter six explores the potential of ferrate to oxidize selected micropollutants at
environmentally relevant conditions. It shows the effect of pH and the initial dose of ferrate.
Furthermore, in chapter six the oxidation-kinetics of a selected micropollutant were examined
and the contribution of oxygen reactive species was investigated. Also, the combination of
UV/ferrate for the removal of the micropollutant that exhibited low to moderate reactivity with
ferrate was also addressed.

¢ Finally, chapter seven summarizes the conclusions responding to the research objectives and

provides recommendations for future works.
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Chapter 2: Literature Review Wastewater during Wet Weather Flow
Condition: Major Concerns and Potential Treatment Technologies

2.1 Introduction

Combined sewer systems (stormwater with sewage) exist in some cities around the world
and might be considered a potential risk to the environment (Phillips et al., 2012). During wet
weather flow (WWF) conditions, these systems convey tremendous amounts of wastewater which
eventually bypass or receive partial treatment due to limited design capacities of wastewater
treatment plants (WWTPs). Therefore, during WWF the contaminant loads (e.g. organic,
microorganism, heavy metals, toxic chemical) increase dramatically in water bodies and threaten
beneficiaries and aquatic lives (Tondera et al., 2016). Detailed studies show that WWF contributed
by 40 to 90% to the total load of pharmaceutical and personal care products (PPCPs); endocrine
disrupting compounds (EDCs) and herbicides (Launay et al., 2016; Phillips et al., 2012; Ryu et al.,
2014). Besides that, conventional WWTPs failed to adapt to these inevitable challenges which
unveil the necessity of proposing more efficient techniques to overcome this problem.

In the literature, there are several approaches proposed to curtail WWF impacts such as
constructed wetlands, storage basins, rain gardens, real-time control for inlet and outlet gates,
enhancement of primary treatment (Lucas and Sample, 2015; Tao et al., 2014). Most surveyed
studies did not account equally for the reduction of both microbial contents along with other water
quality parameters (e.g. suspended solid, turbidity) and micropollutants. Recently ferrate emerged
as a powerful compound that may work effectively as an oxidant/disinfectant and to certain extent
as a coagulant (Collivignarelli et al., 2018). Many researchers examined ferrate in lab scale
experiments for different water matrices (surface water, ground water, municipal wastewater) and
showed promising results (Dong et al., 2019; Rai et al., 2018; Sharma, 2002; Sharma and Bielski,

1991; Sharma et al., 2017; Zhang et al., 2020). Nonetheless, there are limited studies evaluating
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the efficacy of ferrate for treating wastewater during WWEF. More details about ferrate and other
available technologies which might be considered to mitigate the effect of WWF are presented in
this review.

The main objectives of this review were to introduce WWF problem and major concerns and
highlight the characteristics of wastewater during WWF and the contaminants loadings. Also, this
review presented the available technologies for mitigating WWF impacts and introduced ferrate

either alone or with other technologies to curtail the WWF effects.

2.2 WWF occurrence and pollutant levels

In combined sewer systems, wastewater during WWF is composed of sewage drainages,
stormwater, street runoff, roof runoff and garden run off. Therefore, WWF is highly associated
with environmental risks due to the imposed contaminant loads. Indeed, WWF wastewater boosts
the levels, in the water surface bodies, of total suspended solids (TSS), chemical oxygen demand
(COD), biochemical oxygen demand (BOD), along with other organic/inorganic and microbial
contents (Launay et al., 2016; Tondera et al., 2016). For instance, a study reported that street runoff
in Paris showed a higher contribution (40% to 70%) of organic (TSS, TVSS, COD and BOD) loads
during WWF while roof runoff contributed significantly (80%) to the load of heavy metal
contaminants (e.g. Pb and Zn) (Gromaire et al., 2001). Similarly in the Greater Milwaukee area,
stormwater sourced > 70% of TSS and heavy metals while sanitary sewer contributed > 58% of
ammonia (NH3) (Soonthornnonda and Christensen, 2008). It was reported that the contribution of
roof runoff during WWF to the total loading of heavy metals (arsenic, copper and zinc) was
correlated to the age of roof materials (=10 years) and the level of precipitation (Mclntyre et al.,
2019). In cold countries such as Canada, snowmelt along with wet weather runoffs could

contaminate significantly drinking water sources with micropollutants (detected in ng/L to pg/L
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levels) such as carbamazepine, caffeine and acetaminophen and microorganisms (e.g. Escherichia
coli) (Madoux-Humery et al., 2013). It was found that, based on a long monitoring assessment
(2002-2011), WWF wastewater contributed by 80% to the total Escherichia coli (E.coli) in surface
waters during peak time (500 to 1000 CFU/100mL) (Madoux-Humery et al., 2016). Other studies
reported that stormwater and surface runoff increased significantly (2 log higher) the levels of total
coliform and pathogenic species (Cryptosporidium species and E. bieneusi and G. duodenalis
genotypes) in surface water (Huang et al., 2017; Passerat et al., 2011; Rechenburg et al., 2006).
Storm runoff was also classified as a major source of pesticides (i.e. insecticides, herbicides,
fungicides), polycyclic aromatic hydrocarbons (PAHs), and metals. As such, in southwest
Stuttgart, Germany, stormwater increased the loading of all herbicides and polycyclic aromatic
hydrocarbons (PAHs) by 90% (Launay et al., 2016). Another study conducted in USA unveiled
that the WWF wastewater was the main source of 40% to 90% of the annual load of hormones and
micropollutants (e.g. benzophenone, caffeine, triclosan) (Phillips et al., 2012). In Seoul, EDCs and
PPCPs levels during WWF was 69.8 kg/day compared with 65.1 kg/day during dry weather (Ryu
et al., 2014). Moreover, in Copenhagen, the level of PAHs (e.g. indeno (1,2,3-cd) pyrene, pyrene)
and pesticides (e.g. glyphosate and aminomethylphsphonic acid) in WWF wastewater was found
to be higher than that in stormwater by four times (Birch et al., 2011). Table 2.1 summarizes the
concentration of different contaminants in the influents of wastewater treatment plants during
WWF and dry weather flow (DWF) wastewaters. These studies revealed the real challenge
imposed by WWF conditions and should alert the environmentalists and decision makers to take

a big leap to find effective measures for its treatment.
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Table 2. 1 Summary of contaminant levels reported in the literature in the influent of wastewater

treatment plants during wet weather flow (WWF) and dry weather flow (DWF).

Parameter WWF DWF Reference
Total suspended solid  86.8 284 (Soonthornnonda and
(mg/L) Christensen, 2008)
Chemical oxygen 138-336 436-539 (Avilaet al., 2013)
demand (mg/L)
Biochemical oxygen 24 281 Soonthornnonda and
demand (mg/L) Christensen, 2008)
Ammonia (NH3) 0.831 13.8 Soonthornnonda and
(mg/L) Christensen, 2008)
Total phosphorus 0.815 5.45 Soonthornnonda and
(mg/L) Christensen, 2008)
Ortho-phosphate 1.2 54 (Avila et al., 2013)
(mg/L)
Escherichia coli 1.36 x10° 1.41x10° Soonthornnonda and
(CFU/100mL) Christensen, 2008)
Fecal coliform 7.3 x103 2.14x10° Soonthornnonda and
(CFU/100mL) Christensen, 2008)
Heavy metals (ng/L
Cadmium 2.40 1.58 Soonthornnonda and
Christensen, 2008)
Chromium 15.37 43.67 Soonthornnonda and
Christensen, 2008)
Copper 26.87 72.67 Soonthornnonda and
Christensen, 2008)
Lead 43.17 10.77 Soonthornnonda and
Christensen, 2008)
Nickle 9.94 11.17 Soonthornnonda and
Christensen, 2008)
Mercury 0.0611 0.1587 Soonthornnonda and
Christensen, 2008)
Zink 103.7 164.7 Soonthornnonda and
Christensen, 2008)
Micropollutants
(ug/L)
Caffeine 32.9 44.6 (Del Rio et al., 2013)
Ibuprofen 8.51 2.11 (Del Rio et al., 2013)
Carbamazepine 0.03-0.2 0.3-0.9 (Del Rio et al., 2013)
Bezafibrate 0.1-1 0.01-0.11 (Launay et al., 2016)
Sulfamethoxazole 0.005-0.04 0.15-0.8 (Launay et al., 2016)
Naproxen 0.03-38 0.5-55 (Launay et al., 2016)
Mecoprop 0.09-0.4 0.015-0.106 (Launay et al., 2016)
p-Lactams NA® 4.633 (Segura et al., 2009)
Sulfonamides NA 11.972 (Segura et al., 2009)
Tetracyclines NA 11600 (Segura et al., 2009)
Trimethoprim NA 0.27-1.351 (Segura et al., 2009)
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Paracetamol 5.71 0.72 (Del Rio et al., 2013)

Carbendazim 0.01-0.1 0.02-0.04 (Launay et al., 2016)

Diazinon 1.05 0.133 (Koeck-Schulmeyer et
al., 2013)

Bisphenol A 0.1-0.4 1-2 (Phillips et al., 2012)

Atrazine 0.081-0.130 0.00124 (Koeck-Schulmeyer et
al., 2013)

Estrone 0.004-0.040 0.002-0.010 (Phillips et al., 2012)

*NA not available

2.3 WWF wastewater treatment approaches

Several approaches were reported in the literature to mitigate WWF impacts either upstream
or downstream (Autixier et al., 2014; Lucas and Sample, 2015; Tao et al., 2014). The selection of
the most effective approach depends on various factors such as water qualities, footprint
availability, economic feasibility and water quality compatibility (EPA, 1999). The following
sections presented different treatment approaches proposed to mitigate WWF impacts.

Upstream control techniques (e.g. porous paving, real-time gates, off-line treatment) aim to
minimize, regulate, or partially treat WWF wastewater conveyed to downstream treatment
facilities. As such, porous paving is designed to minimize street runoff by accelerating infiltration
of the water during WWF to groundwater through porous paving material (e.g. interlock, bricks,
asphalt). For instance, in the city of St. Louis, urban runoff was reduced by 36% to 46% by using
permeable concrete and brick paver respectively (Alyaseri and Zhou, 2016). Another upstream
approach is real-time gate control which integrates with an automatic control system connected to
the storage unit and pump station to regulate WWF influent to WWTPs (Duchesne et al., 2001).
In contrast, the off-line treatment approach is partially treating WWEF wastewater by diverting
excess water to separate units for screening, sedimentation, and storage which proved to remove
25%-75% of TSS (Szabo et al., 2005).

Constructed wetlands (CWs) are composed of water basin with a substrate (e.g. gravel, soil,

organic matter) and vascular plant (Avila et al., 2013). The main advantage of CWs is having less
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operation and maintenance requirements, whereas its main drawback is a large footprint and a low
hydraulic rate (Tao et al., 2014). In Italy, CWs had removed 93% of ammonium ion (NH4") from
the wastewater during WWF condition (Masi et al., 2017). Another study reported that, the
treatment quality of CW for the removal of COD had declined by 18% compared to that during
wet weather (Avila et al., 2013).

Downstream treatment approaches are mainly carried out by enhancing the primary
treatment of wastewater in WWTP (Haydar and Aziz, 2009). Therefore, different techniques were
proposed for enhanced primary treatment (EPT) such as vortex separator, chemical coagulation
and enhanced chemical coagulation. In particular, the vortex separator is hydrodynamic unit where
the influent is subjected to a high flow rotary regime to extend the resident time and consequently
remove suspended solids (Andoh and Saul, 2003). Indeed, a vortex separator is more suitable for
particles with high settling characteristics, otherwise chemical coagulation becomes more effective
(Kok, 2004).

EPT by chemical coagulation has a high advantage associated with the minimal requirement
of infrastructure and maintenance. There were different coagulants examined for EPT such as
ferric chloride, alum, polyaluminum chloride (PACI) (Gandhi et al., 2014; Irfan et al., 2017; Jeon
et al., 2017; Krupinska, 2018; Mbaeze MC, 2017; McFadden et al., 2017). In one study, PACI (10
mg/L Al) and ferric chloride (35 mg/L) removed 100% of turbidity (initial= 114 NTU) and >80%
of heavy metals (Zn, Cu, Cr and Pb) (Co= 25 to 160 ng/L, pH= 6.5 to 7.5) within 40 minutes (El
Samrani et al., 2008). The authors suggested that the removals of heavy metals were owing to the
sorption of heavy-metal-carrier compound (e.g. Pb-monosulfide) to the formed hydroxide flocs.
Also, both PACI (1.48 mg/L Al) and ferric chloride (2.67 mg/L. Fe) removed >90% of total

phosphorus (C, =3.5 mg/L) and 60% to 70% of COD (Co,= 340 mg/L) and 10% to 20% of total
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nitrogen (C, =28.6 mg/L) (pH= 7.21, turbidity=130 NTU, treatment time=40 minutes) (Wang et
al., 2016b). Alum (20 mg/L) used for EPT during WWF outperformed ferric chloride (20 mg/L )
by achieving 60% of UVT% compared to 40% by ferric chloride (20 mg/L) (initial UVT%= 30%,
pH=7.1, treatment time=15 minutes) (Gibson et al., 2016). In a comparable study, using WWF
wastewater, alum (10 mg/L) removed >90% of TSS (Co= 150 to 600 mg/L) and DOC (C,=40 to
60 mg/L), whereas PACI (20 mg/L) or ferric chloride (30 mg/L) was required to achieve the same
removal levels (pH=7.1, treatment time=72 minutes) (Exall and Marsalek, 2013).

Indeed EPT coagulation might be further enhanced by the ballasted flocculation technique
where settling velocities of formed flocs increase by employing micro-size sand (MS) (Sumant et
al., 2016). In bench-scale using WWF sample, ballasted flocculation, preceded by alum
coagulation improved the removal of TSS from 19.6% to 98% (alum=9.7 to 17.8 mg/L Al, anionic
polymer= 1 to 1.8 mg/L, MS=3 g/L, size =300 um) (Zhu et al., 2007). In a full-scale treatment,
ballasted flocculation removed (80% to 86%) of TSS and (83% to 89%) of ortho-phosphate, and
(50% to 90%) of heavy metals (Cu, Zn and Pb) (ferric chloride = 70 to 80 mg/L, micro-sand =3.5
g/L and size= 100-150 pm, anionic polymer = 0.8 to 1.08 mg/L, pH=7) (Gasperi et al., 2012). The
aforementioned studies showed that different techniques might be used for treating wastewater
during WWF condition yet all of them were incapable of reducing solids contents and microbial
levels simultaneously. Therefore ferrate which is known to be a multifunctional chemical acting
as an oxidant/disinfectant and a coagulant might be a better choice to mitigate WWF impacts

(Sharma, 2002).

2.4 Ferrate
Ferrate (Fe03™) is a hexavalent iron compound with a redox potential of 2.2 V at acidic

conditions (pH<2) working as an oxidant/disinfectant and a coagulant (Sharma, 2002). Ferrate

22



can be produced by several methods including wet chemical method, thermal method and
electro-chemical method (Jiang and Lloyd, 2002). In the wet method, iron hydroxide is oxidized
by concentrated sodium hypochlorite in an alkaline medium resulted in sodium ferrate (Na2FeO4)
(equation 2.1). When sodium ferrate further reacts with potassium hydroxide (KOH), it generates
K2FeO4 which is a more stable form of ferrate (equation 2.2) with high purity (98%) (Lee et al.,
2004). The wet method is associated with two drawbacks namely chlorine production and a long
production process (4 hrs to 6 hrs) (Sharma et al., 2016).

2Fe(OH)3; + 3NaClO + 4NaOH - 2Na,FeO, + 3NaCl + 5H,0 (2.1)

2Na,FeO, + 2KOH — K,FeO, | +2NaOH (2.2)

In the thermal method (also called dry method), Na>FeOjs salt is produced by heating a
mixture of iron oxides with Na,Os; at 600 °C (Sharma, 2002; Sharma et al., 2005). The main
drawback of this method is the high energy consumption used for heating (Jiang Chengchun,
2008).

The electro-chemical method is more convenient for lab and in-situ production and is
classified as a green method (Ding et al., 2014; Jiang et al., 2015; Licht and Yu, 2005; Nikolic-
Bujanovic et al., 2016). Basically, in an electrolysis cell with concentrated (14 to 16 M) electrolyte
solution (e.g. NaOH and KOH), iron metal serves as an anode and is oxidized to ferrate by
electrical current (equations 2.3 and 2.4)(Lee et al., 2004; Macova et al., 2009; Sharma et al., 2016;
Stanford et al., 2010). The cathode material should be stable in an alkaline medium such as
graphite, carbon black, nickel or platinum (Ghernaout and Naceur, 2011). By using the electro-
chemical method, ferrate (0.022 g/100 mL) was generated within 25 minutes, with the following
conditions: electrical current =36 A/m?, NaOH =16 M and steel electrode was composed of 99%

Fe with a carbon content of 0.11% and cell electric potential of 1.92 V(Alsheyab et al., 2010).
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Anode: Fe + 80H™ — Fe03™ + 4H,0 + 6e~ (2.3)
Cathode: 2H,0 + 2e™ —» H, + 20H™ (2.4)

The instability of ferrate is an inherent characteristic affected by the pH of the solution. Therefore
ferrate is more stable at pH> 9 and is subjected to faster self-decay at pH < 7(Sharma, 2002).
Furthermore, ferrate has three different protonation species in aqueous solution (H;FeV'0},

H,FeY'04, HFe"'04) and one deprotonated form (FeY'O?*4) (equations 2.5, 2.6, 2.7) (Sharma,

2013).
HyFeV'0f 2 H,FeV'0, + H* pK, = 1.5 (2.5)
H,FeV'0, 2 HFeV'0; + HY pK, = 3.5 (2.6)
HFeV'0; 2 FeV'02~ + H pKs = 7.5 (2.7)

Ferrate is subjected to self-decay with faster decomposition at pH= 1.1 to 8.2 (due to the
predominant presence of protonated ferrate species) following second order kinetic (e.g. K=
178+18 M!s™! at pH= 5.5, k= 54 M"'s! at pH= 7) and slower decomposition at higher pH (> 9)
following first order kinetic (Lee et al., 2014; Sharma, 2011). The below equations (8-13) describe
the proposed pathways for ferrate self-decay (Lee et al., 2014). Therefore, ferrate-self-decay
reaction initiates by dimerization two ferrate which undergoes intramolecular oxo-coupling via
two-electron-transfer step generating ferryl (Fe(IV)) and liberating hydrogen peroxide (H202) via
two consecutive hydrolysis steps (equation 2.8). Fe(VI) may also react with H2O» and produce
ferryl (Fe(VI)) and O> via two-electron transfer (equation 2.9). The generated Fe(IV) reacts with
H>0O> and generate Fe(Il) and oxygen via concerted two-electron transfer (equation 2.10). It was
also reported that, Fe(IV) may react with H>O; via consecutive one-electron transfer involving

superoxide radical (¢O7) as intermediate product. Fe(VI) may react with the generated Fe(II) and
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produce perferryl (Fe(V)) and Fe(IIl) via one-electron transfer (equation 2.11). The generated
Fe(V) either decays to Fe(Ill) and H>O» or react with H>O» and generate Fe(IIl) and O» (equations
2.12 and 2.13). Ferrous species (Fe(V), Fe (IV)) generated from the self-decay of ferrate (Fe(VI))
are known to be more reactive than ferrate (Fe(VI)) (Cho et al., 2006; Sharma, 2013; Siskova et
al., 2016). The final products resulted from ferrate decay are ferric hydroxide/oxide, hydrogen

peroxide, and oxygen (Lee et al., 2014).

2HFeV'0; + 4H,0 — 2H;Fe'V0O; +2H,0, (2.8)
HFeV'0; + H,0, - H;Fe'VO; + 0, (2.9)
HFeV'0; + H,0, + H* - Fe!'(OH), + 0, + 2H,0 (2.10)

HFeV'0; + Fe''(OH), + H,0 — H,FeV0; + Fe'''(OH); (2.11)
H,FeV0; + H,0 + H* - Fe!''(OH); + H,0, (2.12)
H,FeV0; + H,0, + H* - Fe!''(OH); + 0, + H,0 (2.13)

2.4.1 Ferrate as a coagulant

Ferrate is known to be a multi-function chemical working as a disinfectant/oxidant and a
coagulant. Indeed, ferrate coagulation capacity is derived mainly from ferric oxide/hydroxide
which is the reduced form of ferrate (Aubertin et al., 1996; Jiang, 2014; Lee et al., 2004). Ferrate
was studied previously as a coagulant for EPT during WWF thus ferrate dose of 0.24 mg/L Fe had
removed > 70% of TSS (C,=200+£80 mg/L) and COD (C,=314436 mg/L) at pH=6 (Gandhi et al.,
2014). The former study also showed that the coagulation performance of ferrate improved by
increasing the pH where higher removals of TSS and COD (= +30%) were attained at higher pH=9.
That was mainly attributed to a higher formation of ferric hydroxide at alkaline pH. It is worth

mentioning that ferrate-induced iron-particle may interfere with the removal of turbidity due to its

25



poor settling velocity. Therefore, using ferrate as a stand-alone coagulant might not be considered
a feasible option (Jun and Wei, 2002; Zheng and Deng, 2016). It was reported that combining
ferrate (1 mg/L) with alum (60 mg/L) to treat surface water (pH=7.5) promoted the formation of
bigger floc sizes (Jun and Wei, 2002). Moreover, combining ferrate (1.7 mg/L Fe) as a coagulant
aid with ferric chloride(6.7 mg/L Fe) reduced the ultrafiltration membrane fouling by 4 times via
bacterial inactivation and improved the coagulation process (synthesized surface water,
turbidity=13 NTU, pH=7.8) (Yu et al., 2016). Ferrate can also remove heavy metals (Zn>",Cu?"
and Mn?") by ionic bonding with HFeOs and precipitation (pH= 6) or adsorption onto Fe(OH);
(pH=9). As such ferrate (27 mg/L Fe) removed 73 to 99% of Zn , Cu and Zn along with 86% of
organic matter (10 mg/L DOC) after settling /filtration (river water, pH=6, heavy metal= 0.1 mM)
(Lim and Kim, 2010).

Ferrate also showed good removal of Ortho-phosphate (OP) in secondary effluent (pH=7)
where it reduced OP from 3.6 mg/L to 0.8 mg/L (using a dose of 7 mg/L Fe) (Lee et al., 2009).
The removal of OP was affected by the water matrix. Since it was found that a higher dose of
ferrate (+4 times) was required in secondary effluent compared to that required in DI to achieve
the similar OP removal (Kralchevska et al., 2016). Ferrate removes phosphate via complexation
with iron species and precipitation or adsorption onto formed iron hydroxide (equation 2.14 and

2.15) (Lee et al., 2009).

alkaline
Fe(OH); + H;PO, —— FePO, + 3H,0 (2.14)
acidic
Fe3* + H;PO, — FePO, + 3H* (2.15)

Overall, it can be stated that ferrate can work as a coagulant but it may compromise the
removal of turbidity and TSS thus combining it with another chemical may improve the overall

performance of the process especially during WWF condition.

26



2.4.2  Ferrate as disinfectant

Wastewater disinfection during WWF is an essential process to reduce microorganisms
levels in receiving water bodies. Therefore, numerous disinfectants have been used such as
chlorine, ozone, peracetic acid, performic acid and ferrate (Abughararah, 1994; Collivignarelli et
al., 2000; Lefevre et al., 1992; Liberti et al., 2000). Ferrate emerged recently as a strong
oxidant/disinfectant with a high redox potential of 2.2 V and is known to be an environmentally
friendly compound as the final reduced form is the non-toxic ferric species (Sharma et al., 2005).
The biocidal effect of ferrate is derived from ferrate reactive species (H2FeOs, HFeO™'4 and FeO
24) which have higher reactivity at acidic pH (Lee et al., 2004). Ferrate disinfection capacity was
tested in different water matrices with low and high organic contents. Therefore, in ballasted water
(saline water), ferrate (0.25 to 5 mg/L) reduced Enterococci and E. coli levels to less than 250
CFU/100 mL and vibrio cholera to 1 CFU/100 mL (pH=8, DOC=0, N,=10° to 107 MPN/mL)
(Jessen et al., 2008). In secondary effluent, ferrate (5 mg/L Fe) achieved 2.5 log removal of E. coli
compared to 1 log by chlorine (5 mg/L) within 20 minutes (pH= 7.85, COD=7 mg/L, N,=250 to
500 CFU/mL) (Kwon et al., 2014). A recent study examined using ferrate to disinfect raw WWF
wastewater. It determined 7 mg/L Fe of ferrate required to remove 3.8 log of E. coli within 81
minutes (pH=6.7 ,TSS=83 mg/L, COD=280 mg/L, No= 2.2 x 10° to 2.7 x 107 MPN/100mL)
(Elnakar and Buchanan, 2019). Ferrate is more reactive at lower pH values as such, the inactivation
rate of E. coli increased significantly from 0.33 to 6.25 L/(mg.min) when the pH decreased from
8.2 to 5.6 in a buffered solution (No= 4 x 10° to 10® CFU/mL) (Cho et al., 2006). Similarly, at
acidic pH (pH 5.5) a lower dose of ferrate (4 mg/L Fe) was sufficient to achieve > 4 log removal
of E. coli whereas at alkaline pH ( pH= 7.5) higher dose of 6 mg/L Fe was required to attain similar

log removal (No= 3.2 x 108 CFU/100 mL, tap water) (Jiang et al., 2007). Ferrate also showed a
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high inactivation level for enteric pathogenic bacteriophage M2S where more than 4-log removal
was achieved with a low dose (1.25 mg/L Fe) within 3 minutes (phosphate buffer, pH= 7, N,=7.3
x 10% plaque forming unit/mL) (Hu et al., 2012). Ferrate also competed with ozone for the
inactivation of Bacillus Subtilis spores. Higher inactivation rate was achieved by ozone as 0.98
L/(mg.min) compared to 0.034 L/(mg.min) by ferrate (phosphate buffer, pH=7, No=5 x10°
CFU/mL, Os= 1 mg/L, ferrate=90 mg/L) (Makky et al., 2011). The lower performance of ferrate
compared to ozone may be attributed to the discrepancy in the involved mechanisms of
inactivation for the targeted microorganism.

In fact, chlorine and ozone are strong disinfectants yet they can generate disinfection by-
products such as trihalomethanes (THM) caused by chlorine and bromate caused by ozone (Hu et
al., 2018; Richardson et al., 2007; von Gunten, 2018). In contrast, ferrate might outweigh other
disinfectants such as ozone and chlorine due to its high ability to remove the precursors of
disinfection by-products (DBPs) (e.g. natural organic matter (NOM), cyanobacteria). Several
studies reported the benefits of using ferrate to reduce the DBPs formation. As such, ferrate (20
mg/L Fe) treated buffered solution spiked with Suwanee river natural organic matter (SRNOM)
removed 28% of DOC (pH=7, DOC=3 mg/L) (Gan et al., 2015). In the same study, ferrate pre-
oxidation of SRNOM followed by chlorination (20 mg/L Cl,) for 6 hrs, reduced THM formation
by 23%, and both chloral hydrate and haloacetonitriles by 66 % while increased the
trichloronitromethane level by 50% due to the reaction with amine groups (ferrate=20 mg/L, pre-
oxidation  time=360  min). Similarly, the combination of ferrate  with
coagulation/sedimentation/filtration followed by chlorination reduced the formation of DBPs
namely trihalomethanes and trihaloacetic acids by 30% to 45% respectively (pH=7.2, DOC= 3.2

mg/L, ferrate=1.4 mg/L Fe, FeCl; = 10 mg/L Fe, chlorination time=72 hr, chlorine 3 to 5 mg/L
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Cl) (Jiang et al., 2016b). Similarly, pre-oxidation of water containing blue-green algae
(cynobacteria) by ferrate (8 mg/L Fe) and its subsequent chlorination (30 mg/L CI) for 72 hrs,
reduced the formation of DBPs (trihalomethanes, haloacetic acids, haloketones, chloral hydrate,
haloacetonitriles, and trichloronitromethane) by 5.5% to 45.1% (Dong et al., 2019). Furthermore,
ferrate (10 mg/L Fe) exhibited a high inactivation rate of the cyanobacterial cell (128-242 M's™")
and degraded 80% of associated microcystins toxic compound (reservoir water, pH=8.7, DOC=1.7
mg/L) (Fan et al., 2018). Therefore, using ferrate as a disinfectant either alone or in combination

with other chemicals might satisfy the target water quality level with minimal toxic by-products.

2.4.3 Ferrate as an oxidant

Ferrate showed an outstanding performance in the removal of a wide range of organic and
inorganic compounds in different water matrices (Gombos et al., 2013; Sharma, 2011). Ferrate is
also known to be a selective oxidant with a high tendency to attack compounds with ERM (e.g.
phenols, anilines, amines, and olefins) (Jiang, 2015; Lee et al., 2009; Yang et al., 2012). In a
secondary effluent spiked individually with MPs (Co= 0.05 to 0.32 mg/L, pH 6 to 8), ferrate (2 to
5 mg/L Fe) removed >95% of phenolic containing compounds (e.g. bisphenol A and triclosan) and
85% of amine and olefin containing compounds (e.g. carbamazepine and diclofenac) (Lee et al.,
2009). In contrast, for compounds without ERM (iopromide and ibuprofen, bezafibrate) only 40
% of removal was achieved with a high dose of ferrate (15 mg/L Fe). In another study, in a buffered
solution (pH 6 to 9), ferrate (1 to 5 mg/L Fe) removed >70% of ciprofloxacin compared to < 25%
of ibuprofen with both compounds spiked in a mixture at an initial concentration of 100 pg/L
(Zhou and Jiang, 2015). The high removal of ciprofloxacin by ferrate was attributed to ferrate
attack of piperazinyl ring and quinolone moiety of ciprofloxacin leading to cleavage or

hydroxylation of the rings. In the same way in a buffered solution spiked with four compounds (Co
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=100 pg/L), ferrate (5 mg/L Fe) oxidized 60% to 80 % of diclofenac (DCF), SMX and) and only
20% of bezafibrate (BZF) (Zhou and Jiang, 2015). Moreover, it was proposed that SMX was
oxidized through oxygen transfer mechanism and hydroxylation while DCF and CBZ oxidized via
oxygen and electron transfer mechanisms. In a secondary effluent, ferrate (2.5 to 10 mg/L Fe)
removed 90% to 100% of sulfadiazine, sulfapyridine, sulfamethazine, SMX, trimethoprim and
ofloxacin detected in the level of 276+26 ng/L (pH=6.88, DOC= 3.03 mg/L ) (Yang et al., 2012).
Similarly, ferrate (5.5 mg/L Fe) degraded 100% of B-lactam antibiotic (amoxicillin, ampicillin,
cloxacillin, and penicillin G) spiked in secondary effluent wastewater (pH =7 to 8.5, antibiotic=
0.668 mg/L) (Karlesa et al., 2014). Ferrate (5.6 mg/L) also removed 50% of metals (Cu, Zn)
iminoacetic acid complexed species (Co=5.94 mg/L) in clean water with pH range of § to 12
(Pachuau et al., 2013). The removal was ascribed to the decomplexation of metal iminoacetic acid
complexed species which was followed by oxidation of iminoacetic acid and
coagulation/adsorption of non-degradable metallic species.

The oxidation of numerous micropollutants in buffered solutions with the effect of pH,
concentration of ferrate and pollutants with their rate constants were presented in Table 2. The
oxidation process is influenced significantly by different factors: pH, the molar ratio of oxidant
and contaminant, reaction time, water matrix, physiochemical properties of oxidant and
contaminant. That might explain the difference in the obtained rate constant for different treated
model compounds as shown in Table 2.2. The transformation products (TPs) were reported in

several studies therefore polishing steps might be recommended for total removal.
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Table 2. 2 Previous studies Ferrate treatment of different MPs with effective pH range, rate

constant toxicity and oxidation products.

Compounds pH molar ratio rate constant TPs® Reference
Ferrate/X* k (Ms)!
polychlorinated diphenyl 8 20:1 1.37+0.05 x10° NA® (Chen et al.,
sulfides 2018)
chloramphenicol 5t09 16.3:1t0 81.6:1  2.35x10°-7.25 TPs (Zhou et al.,
x10°3 2017)
amoxicillin, ampicillin 4t010  [(Ferrate]=0.1 0.03 x103-15x10° NA (Sharma et
mM << X al., 2013)
acetaminophen 4to 11 5:1 to 25:1 1.27 x10° 3 TPs (Wang et
al., 2016a)
diclofenac 7to 11 5:1t030to 1 2.54-11.6 NA (Wang et
al., 2015)
propranolol 9 6:1 3.6x 10% 3 TPs (Anquandah
etal., 2013)
bisphenol A 3to 11 0.1:1 to 8:1 1.9x10°-8.4 x10> 12TPs  (Hanetal.,
2015)
p-lactam antibiotics 6t09.5 0.2:1t060:1 16 to 150 NA (Karlesa et
al., 2014)
microcystin-LR 7.5t0 10 [Ferrate] <<[X] 8.1+ 0.08 - NA (Jiang et al.,
1.3+0.1x10° 2014a)
4-tert-octylphenol, 17a- 7to12  0.3:1to03.3:1 90 -94 NA (Tiwari et
ethynylestradiol al., 2017)
glycine (GLY), 4t012.4 [Ferrate] <<[X] KcrLy=14-145 TPs (Noorhasan
glycylglycine(GLG) Kaig =30 - 822 et al., 2010)
bisphenol A (BPA), steroid 82to12 5:1t050:1 Kppa=2.8 x10?- 9 TPs (Lietal.,
estrogens (EE) 7.76 x10* 2008)
Kee=3.05 x10*—
5.44 x10°
sucralose, sucrose, glucose, 9 [(Ferrate] <<[X] 0.1 to .25 NA (Sharma et
fructose and maltose al., 2012)
Bisphenol S (BPS) and 7 51:1to 30:1 300 to 1300 NA (Yang et al.,
bisphenol AF (BPAF) 2019)

2X the tested compounds, ° transformation products, “Not analyzed

2.5 MPs oxidation technologies

Oxidation and advanced oxidation processes (that involve highly reactive oxidant e.g. ‘OH)

are essential to achieve an effective removal of a broad range of MPs detected in water and

wastewater. Many oxidants were used individually such as ozone, chlorine, chlorine dioxide or in

combination with UV, photocatalysts (e.g. TiO», persulfate) (Hamza et al., 2016; Huber et al.,
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2005b). In bench-scale experiments, ozone and powder activated carbon (PAC) outperformed
chlorine by achieving higher removal (40% to 90%) of MPs (e.g. atrazine, ibuprofen, fluorene)
spiked in simulated drinking water (MPs= 10 to 250 ng/L, pH=6.8, DOC=3.5 mg/L, O3=4 mg/L,
PAC=1 mg/L, chlorine=6.76 mg/L) (Westerhoff et al., 2005). In the same study, PAC removed
77% of H-17B-Estradiol (Co= 1360 ng/L) spiked in buffered solution which declined to 45% due
to the presence of DOC (pH 8.2, DOC= 3.5 mg/L). Another study revealed that post-ozonation of
secondary effluent, removed entirely MPs with aromatic moieties, the double bond and phenol
function group (e.g. diclofenac, carbamazepine, sulfamethoxazole) with 0.6 g O3/ g DOC, pH=7,
DOC= 4.2 to 6 mg/L, MPs= 500 to 1500 pg/L) (Hollender et al., 2009). Moreover, in secondary
effluent, ozone (0.87 g O3/ g DOC, contact time=17 min) with granular activated carbon or
biological filter bed (BF) removed 80% to 100% of detected MPs (e.g. carbamazepine, diclofenac)
(MPs= 1.4 to 3.9 ng/L, DOC=68 mg/L) (Knopp et al., 2016). In pilot-scale study, ozone (2 to 5
mg/L) within 8.4 minutes removed >90% of sulfonamide antibiotics, estrone, naproxen and
diclofenac presented in secondary effluent (DOC= 6 to 7.7 mg/L, pH=6.95 to 7.5, MPs =0.5 to 5
png/L) (Huber et al., 2005a). In a comparative study where secondary effluent was spiked with
MPs (atenolol (ATL), carbamazepine (CBZ), ethinylestradiol EE2, ibuprofen (IBU), and
sulfamethoxazole(SMX)) (Co=0.2 to 1 uM ) and treated by selective oxidants: ozone, ferrate,
chlorine, chlorine dioxide and non-selective oxidant: hydroxyl radical (UV/H20) at pH=8 and
reaction time of 60 minutes (Lee and von Gunten, 2010). Therefore, lower doses of selective
oxidants (3 to 45 uM) were required to remove 90% of EE2 and SMX compared to 45 to 80 uM
of "OH to achieve the same removal level. CBZ was poorly removed by chlorine-based oxidants
while high removal (90%) was achieved by other oxidants with lower doses (30 to 100 uM) in the

order [O3] <[HFeO4] <['OH]. For ATL no removal was observed by chlorine-based oxidants while
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only 60% of removal achieved by ferrate (150 uM) compared to > 90% by O3 (40uM) and "OH
[85uM]. In contrast, IBU which has no ERM, was removed (= 90%) exclusively by ‘OH [75 uM]
and O3 [120 uM]. Single ozonation (1.4 mg/L) within 30 minutes attained 100% removal for
organophosphorus pesticide (diazinon, methyl parathion, and parathion) and completely

mineralized diazinon (pH=8, C,=10 to 30 mg/L) (Wu et al., 2009).

UV-based technologies are used to degrade a wide range of MPs detected in water and
wastewater treatment facilities (Rizzo et al., 2018). However, using direct UV photo-degradation
might not be considered a feasible option. For instance, in drinking water, direct photodegradation
(UV=40 mJ/cm?) showed poor removal of the tested organic compound thus removed 0.4% of
EE2, 27% of diclofenac, 15% of SMX and iopromide (pH=7, DOC= 1.7 to 2 mg/L) (Canonica et
al., 2008). In clean water matrix, the required UV dose to remove 90% of mecoprop (Co=20 mg/L),
and CBZ (Co=7 mg/L) were 910 mJ/cm? and 231600 mJ/cm? respectively and that dose reduced
to 770 mJ/cm? and 2250 mJ/cm? by using UV/H,0; (25 mg/L) (pH=7) (Shu et al., 2013). The
degradation of model compounds in UV-based technologies derived mainly by the direct UV
photolysis and the limited generated hydroxyl radical species (Bolton and Linden, 2003). Photo-
degradation might be improved by combining UV with H>O» or catalysts such as TiO» which is
capable of generating more hydroxyl radicals in the system thus increasing the efficacy of the
process (Wu et al., 2009). Photocatalysis using UV/TiO2 removed 39% of diazinon (Co=11 mg/L)
while adding H>O» (i.e. UV/H20,/Ti02) as an additional source of *OH improved the removal to

51% (pH=4, reaction time=180 min, TiO>= 2g/L, H2O>= 2 g/L) (Alalm et al., 2015).

2.6 Ferrate integrated technologies
The combination of ferrate with other technologies or compounds (e.g. coagulant, UV,

ozone, catalyses) may enhance ferrate-oxidation performance especially for recalcitrant
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contaminants (Acero et al., 2000; Real et al., 2007). Combining ferrate with other coagulants (e.g.
aluminum or iron-based coagulants) improved the removal of inorganic and organic compounds
via dual action of oxidation/coagulation. For instance, sequential application of ferrate and Alum
(1.12 mg/L Fe+0.54 mg/L Al) removed 100% of arsenite (Co=500 pg/L) presented in drinking
water at pH=6.5 (Jain et al., 2009). In the same way, simultaneous dosing of ferrate and PACI
(2.35 mg/L Fe /3.24 mg/L. Al) removed 36% of the humic-like fluorophore within 25 minutes
which surpassed single application of ferrate and PACI or their sequential application (pH=6-7,
DOC=3.5 mg/L) (Amano et al., 2018). Ferrate photo-catalyzation with UV/TiO3 promoted the
formation of reactive species (Fe(V)) by scavenging band electron and improved reduction of
ammonia, cyanate, microcystins (Sharma et al., 2010). Furthermore, photo-catalyzation of ferrate
(0.4 mg/L Fe)/H20, (9288 mg/L)/UV (403.2 mJ/cm?) process achieved 5.7 log removal of Bacillus
subtilis spores, compared to 4.7 log by ferrate (7 mg/L)/H202 (9846 mg/L) pH=7 (Matin et al.,
2018).

The coexistence of some ions and organic compounds in ferrate systems showed catalyzing
or restraining impact on the overall ferrate-oxidation system (Kolar et al., 2016). As such, the
presence of Mg?" (4.8 mg/L) with ferrate (1.35 mg/L Fe) had improved the removal of
acetaminophen (0.5 mg/L) by (+10 % ), while other ions (AI**, PO3~ ,CO3 ,Co= 5.4 to 19 mg/L)
and humic acid (DOC >10 mg/L) declined the removal (-30% to -60 %) at pH=7 (Wang et al.,
2016a). Similarly, the presence of Mn?*, SO4* Fe?" and Fe** (0.03 to 0.038 mg/L) accelerated
ferrate (1.344 mg/L Fe) degradation (80%) of diclofenac (0.236 mg/L) within 20 to 40 seconds
instead 120 seconds (pH=9) (Zhao et al., 2018a; Zhao et al., 2018b). Furthermore, in the
aforementioned studies, the observed enhancement of ferrate-oxidation process was attributed to

the catalytic effect of forming Fe(IV)/Fe(V) which is known to be more reactive than ferrate.
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The addition of sulfur compounds (e.g. sulfate/sulfite) proved to synergize oxidation
processed by forming Fe(V)/Fe(IV) and other reactive species ( SO3~ , *OH, O%"). Therefore,
ferrate/peroxymonosulfate removed 61% of fluoroquinolones compounds (FQs) (flumequine,
enrofloxacin, marbofloxacin, and ofloxacin) within 30 minutes compared to < 10% removal by
ferrate alone (ferrate= 5uM, S0Z7=200 uM, FQs=1 uM, pH=7) (Feng et al., 2017b). Feng et al.
(2017 b) ascribed the synergistic effect to the generated reactive SO;~ , *OH, O, and ferrate
reactive species Fe(V) and Fe(IV) species. Similarly, Zhang et al.(2017) had explored ferrate-
sulfite process and reported 85% to =~ 100% removals of several recalcitrant MPs (benzotriazole,
ciprofloxacin, methyl blue, thodamine B and methyl orange) achieved within 30 seconds
(ferrate=50 uM, SO%~=250 uM, MPs=5 uM, pH=9)(Zhang et al., 2017). The observed synergistic
effect was attributed to the generated reactive species namely e OH /SO3~ based on quenching
experiments and electron spin resonance (ESR) analysis. These two studies had advocated other
researches to examine the ferrate/sulfite/sulfate process with different contaminants and testing
conditions. As such, Wu et al. (2018) reported that ferrate/sulfate (6 mM/5mM) removed 80% of
atrazine (Co=46 pM) within 20 minutes in surface water (DOC< 4 mg/L C, pH=6) (Wu et al.,
2018). Likewise, Feng and Sharma (2018) reported that ferrate/sulfur achieved almost
instantaneous removal (15 s) of recalcitrant antibiotics (trimethoprim and flumequine) (pH=7,
ferrate: sulfur: antibiotic=5:5:1, antibiotic= 20 uM) (Feng and Sharma, 2018). They confirmed the
contribution of radical species ( SO3~, SO3~, SOz and ¢ OH ) along with ferrate reactive species
Fe(IV)/Fe(V). A recent study claimed that the major contribution in ferrate/sulfite systems is
mainly attributed to ferrate reactive species Fe(IV)/(V) and minor contribution is attributed to other
radical species (e.g. SO3 ,» OH ) (Shao et al, 2019). Overall, all studies agreed that

ferrate/sulfite/sulfate achieved better removal of the tested contaminants.
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The application of the ferrate-ozone process also showed a synergistic impact promoting
hydroxyl radical formation reflected by the high reduction of DOC (70.5%), protein (25.6%) and
polysaccharide (65.5%) (Liu et al., 2018). Similarly, the ferrate/silica gel process improved the
removal (10% higher) of fuel sulfur compounds (benzothiophene, dibenzothiophene, and methyl-
dibenzothiophene) and about 50% higher caffeine (pH=8) (Al-Abduly and Sharma, 2014; Manoli
etal., 2017a).

Ferrate-acid activation process was hypothesized to promote the formation of ferrate reactive
species (Fe(IV)/Fe(V)) which is known to be more reactive than ferrate (Feng et al., 2017a). As
such, ferrate/HCl degraded > 90% of acesulfame potassium (ferrate=408 pM, acesulfame
potassium=67.8 uM, HCI=798 uM) and caffeine (ferrate=506 uM: caffeine=63 pM, HCI=882
puM) within 1 and 30 minutes respectively instead of several hours without activation pH=7.5-8.1
(Ghosh et al., 2019; Manoli et al., 2017b). In both studies, it was confirmed that the enhancement
was due to ferrate activation rather than acid addition based on control experiments. There was no
contribution of oxygen reactive species in ferrate-acid activation process based on similar
oxidation levels achieved under oxic and anoxic conditions (Manoli et al., 2017b). All the
presented studies emphasized that the ferrate performance can be enhanced significantly by
different processes however more studies are required to prove the efficiency in real water

matrices.

2.7 Ferrate and toxicity concerns

The toxicity impact is a major concern arising with the implementation of any new chemical.
With this in mind, several studies investigated the toxicity impact of ferrate application by using
different bioassays (e.g. Vibrio fischeri luminescent test, zebrafish animal model) (Jiang et al.,

2014a; Malachova et al., 2014; Yang et al., 2011). Studies revealed that ferrate may cause the
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evolution of toxicity during the oxidation of organic compounds. As such, the acute toxicity level
(using Vibrio fischeri) of the solution during ferrate (16.8 mg/L Fe) oxidation of diclofenac (8.88
mg/L) increased from 15% to 60% in the first 60 minutes and then dropped to 15% after 180
minutes pH=9 (Wang et al., 2015). Likewise, the acute toxicity level during bisphenol A (1 mg/L)
degradation by ferrate (2.83 mg/L Fe) had increased (45% to 60%) in the first five minutes and
decreased substantially to 25% after 60 minutes at pH=7(Han et al., 2015). The gradual change in
the toxicity level was attributed to the toxicity level of the transformation products which might
be minimized or removed as a function of reaction time. Based on these observations, the reaction
time, during ferrate oxidation of micropollutants, should be optimized to achieve the highest level
of degradation and the lowest level of toxicity. Another study reported that the toxicity level was
reduced from 63% to 22.8% during ferrate (1.5 mg/L Fe) oxidation of sulfonamide (0.2 mg/L) for
30 minutes prior to chlorination (chlorine 0.9 mg/L, pH=7.4) (Zhang et al., 2018). The toxic
compound microcystin-LR (0.33 mg/L) was removed entirely by ferrate (3.7 mg/L Fe) and no
toxicity was detected in the treated solution based on the activity of protein phosphate assay
(reaction time 30 minutes, pH=8) (Jiang et al., 2014b). Ferrate showed no mortality effect on the
Zebrafish embryos model during oxidation of ciprofloxacin (5 pg/L) spiked into secondary
wastewater effluent (pH=7.37, COD= 35 mg/L, ferrate =1 to 5 mg/L) (Jiang et al., 2013a).
Bromate is classified as possibly carcinogenic to human by (WHO, 2005) which is most
likely formed during oxidation of bromide by ozone. Nevertheless, ferrate (2 mg/L Fe) reduced
bromate formation from 95 to 5% when ferrate was used with ozone (2.5 mg/L O3) to treat bromide
(200 pg/L) containing water (pH<9) (Han et al., 2014). It was found that hydrogen peroxide
(generated during ferrate decomposition) reduced active bromine to bromide which eventually

suppressed the bromate formation in the ferrate-treatment system (Jiang et al., 2016a; Richardson
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et al., 2007). In general, ferrate showed benign effects on the environment based on toxicity
analyses thus it should be considered as a potential alternative oxidant/disinfectant competing
widely used compounds (i.e. ozone and chlorine) which are known to pose toxic effects to the

environment.

2.8 Conclusions

WWEF is associated with combined sewer flow which threatens the aquatic lives and
deteriorates the water quality by increasing the levels of microbial and organic and inorganic
contents. Treating WWF wastewater is challenging due to the excess amount of flow which mostly
exceeds the capacity of treatment plants. Yet several measures can be implemented either upstream
or downstream to curtail the effects. For instance, in upstream, real-time gate control, off-line
treatment and storage basin are able to regulate the flow to the treatment facilities. Upstream
control measures require a large footprint which might be counted as a drawback. Alternatively,
chemical enhancement of primary treatment is easy to retrofit without the need for a new structure.
This can be accomplished by using coagulants (e.g. alum, PACI, FeCl; and ferrate) individually
or coupled with other techniques such as lamella plate settlers, ballasted sand, vortex high rate
settler. Most of the surveyed studies did not provide a comprehensive process that treat both
organic and inorganic contents along with microbial contaminants. Therefore more bench and full-
scale studies are necessary for this area to propose more effective measures which can achieve the
target water quality levels.

WWEF wastewater contributes highly in MPs loading to the influent of WWTPs which are
not capable to degrade MPs. Therefore, the existing WWTP should be upgraded with a polishing
step that uses a single oxidation unit (e.g. ozone, ferrate) or in combination with other techniques

(adsorption or filtration). Moreover, advance oxidation processes (generate radical species e.g.
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*OH) using photo-chemical reaction (O3/UV, ferrate/H>02/UV) or photo-catalyzing reaction
(UV/TiO2) or photo-Fenton (Fe?"’H20,/UV) which all showed better removal of MPs than single
oxidation.

Ferrate has been recognized as a strong oxidant/disinfectant and its reduced form ferric
(Fe(IIT)) could act as a coagulant. It showed outstanding performance as an oxidant/disinfectant
and to a lesser extent as a coagulant with a major concern of increasing the turbidity of treated
water. Several studies explored ferrate’s capability of removing a broader range of contaminants
by using ferrate alone or in combination with other technologies (coagulation, catalyzation, and
acidification). Furthermore, toxicity studies revealed that ferrate reduced the toxicity of treated
water during the oxidation of pharmaceutical compounds (e.g. diclofenac, bisphenol A). Toxicity
screening tests should be used as a complementary analysis for further verification of treatment
adequacy. In general, the screened studies showed that ferrate might be used effectively as an
oxidant/disinfectant and to a lesser extent as a coagulant to treat water and wastewater with
minimal toxic impacts. That being said the screened showed no systematic study examined ferrate

simultaneously as a coagulant or disinfectant to treat wastewater during WWF condition.
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Chapter 3: Bench to Full-Scale Enhanced Primary Treatment of Municipal
Wastewater under Wet Weather Flow for Minimized Pollution Load:
Evaluation of Chemical Addition and Process Control Indicators

3.1 Introduction

Wastewater collection networks represent a fundamental component of a city’s
infrastructure and its wastewater treatment process. In areas where those networks are designed to
accommodate stormwater runoffs in addition to regular domestic and industrial wastewaters, they
become known as combined sewers. Their operation thus varies seasonally, reaching its full
capacity during events of heavy rain and intensive snow melts. In such cases, wastewater treatment
plants (WWTPs) to which those networks are connected become unable to contain the excess
wastewater during wet weather conditions. Consequently, untreated wastewater ends up
overflowing to the closest water stream as per the combined sewer system design. According to
the USEPA (2018), this is known as combined sewer overflow (CSO) and it includes regular
untreated wastewater diluted by stormwater. The volume of poorly treated or untreated CSO and
the frequency of its discharge will essentially contribute to the concentration of pollutants
(including pathogens, organic and inorganic chemicals) in the receiving water body, and
consequently will affect its suitability for drinking or recreational purposes. Problems with the
discharge of untreated CSO can transcend, impacting the aquatic ecosystem and public health with
detrimental waterborne diseases (Jalliffier-Verne et al. 2015). It is reported that in Canada, 87%
of the population is connected via a wastewater collection network to a certain type of treatment
and that only few treatment plants undertake the initiative to store and treat CSO. As such, direct
discharges from CSO have not been routinely monitored (Canada 2019, CWN 2018).

CSO is commonly characterized in terms of its mass loading of macropollutants. Some of

its major constituents include around 83-600 mg/L of total suspended solids (TSS), 30-180 mg/L

59



of biochemical oxygen demand (BOD), 80-200 mg/L of chemical oxygen demand (COD), 80-190
mg/L of total phosphorus, and 30-50 mg/L of ortho-phosphate (ortho-P) (El Samrani et al. 2008a,
Gasperi et al. 2008, Li et al. 2004). CSOs can also be as a relevant source of micropollutants (MPs)
(pharmaceuticals, personal care products, herbicides and pesticides) as WWTPs (Kay et al. 2016,
Phillips et al. 2012) and thus imply similar adverse effects on aquatic and terrestrial fauna and flora
(Shu et al. 2016). Ryu et al. (2014) estimated that physical, chemical and biological processes in a
WWTP can decrease the MPs in the effluent by 28% as compared to 97% decrease in suspended
solids and 86% decrease in COD. This relatively low removal sheds the light on the importance of
screening and modeling approaches to estimate the overall load of MPs in the environment and
mitigate their cost-prohibitive and impractical quantification (Arlos et al. 2014, Johnson and
Williams 2004, Launay et al. 2016, Mutzner et al. 2016, Tolouei et al. 2019).

In wet weather conditions, El Samrani et al. (2008a) demonstrated that the aluminum-based
coagulant PACI] was more efficient than FeCls for CSO treatment. It had a lower optimum dose
and allowed a pronounced reduction of turbidity and associated metals such as copper, lead, zinc
and chromium. Gibson et al. (2016) reported a similar effect on turbidity removal with alum
coupled with a cationic polymer; yet, no major impact on TSS removal or percent ultraviolet
transmittance (% UVT) was observed.

The addition of a coagulant that comes as a natural or synthetic polymer or a metal salt,
initiates the colloidal destabilization and aggregation resulting in the formation of larger particles
able to settle out. Different mechanisms can be involved in the particles removal depending on the
water quality and coagulant dose (Pourrezaei et al. 2011). Particularly, during coagulation with
aluminum-based salts, the salt hydrolysis product is responsible for particle destabilization (Exall

and Marsalek 2013). Two important precipitation reactions take place when alum is added to the
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wastewater. The first one occurs between alum and calcium bicarbonate and produces aluminum
hydroxide precipitate that can enmesh and remove colloids (equation 3.1). The second one occurs
between alum and phosphorus and produces insoluble aluminum phosphate (equation 3.2) (Cao et
al. 2010).

Al,(S0,); 18 H,0 + 3 Ca(HCO3), < 3 CaS0, + 2 Al(OH); + 6 CO, + 18 H,0 (3.1)
AB* + P0,* & AlPO, (3.2)

Following coagulation, larger particles or flocs are formed during flocculation by colloidal
aggregation. This process is induced by mixing and polymer addition to strengthen the formed
flocs (Young et al. 2000). Settling entails the separation of solids from the liquid and is the last
step in the process. In real applications, settling can take place in sedimentation tanks often
enhanced by plate settlers that promote the large surface area and short settling distance. While the
role of plate settlers is to maximize the particles removal, their efficiency remains a function of
their geometric design, the wastewater quality and flow conditions (Sarkar et al. 2007).

To the best of our knowledge, no study on the treatment of wet weather primary influent (PI) or
CSO has comprehensively addressed the upscaling of coagulation conditions and the evaluation
of process control indicators. Most studies were limited to the bench or pilot-scale levels (El
Samrani et al. 2008b, Exall and Marsalek 2013, Li et al. 2003, Zhu et al. 2007). Evidence of full-
scale application of the optimum coagulant dose is also scarce in the literature (Baghvand et al.
2010, El Samrani et al. 2008b, Guida et al. 2007, Wang et al. 2015b). Few studies only evaluated
the performance of disinfectants at a full-scale level using performic acid and peracetic acid
(Chhetri et al. 2016, Chhetri et al. 2015, Chhetri et al. 2014). In this study, we undertook a practical
approach towards the EPT of CSO to maximize the output, i.e. the quality of the effluent, while

minimizing the chemical input.
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The main objective of this work was to evaluate the performance of different coagulants and
coagulant aids for the enhanced primary treatment of municipal wastewater during wet weather
conditions at a bench-scale level. The application of those compounds at a full-scale level was
investigated in order to optimize the EPT at the WWTP, its online process control, and the overall

discharge of suspended solids and ortho-phosphate into the receiving environment.

3.2 Material and methods

3.2.1 Wastewater

Samples of municipal wastewater were collected in 20 L plastic pails from the influent
stream (i.e., primary influent (PI)) to the Enhanced Primary Treatment (EPT) unit of a WWTP in
central Edmonton between November 2016 and March 2017 and between August and October
2017 (Figure 3.1). The collected grab samples of PI during wet weather flow were transported to
the laboratory for a preliminary characterization for TSS. During dry weather, PI samples were
diluted with deionized water to the desired TSS concentration to emulate the average TSS value
during wet weather flow. The obtained wastewater was immediately used in the

coagulation/flocculation experiments.

i EPT ;
Primary Overflow Grit Tanks * | EPT To River
> . i Chemical e .
Influent Structure Screens Addition Clarifiers
600 MLD
* Sampling Point Primary To Bioreactors -
Clarifiers =
600 MLD

Figure 3. 1 Simplified representation of the EPT system.
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3.2.2 Coagulants and polymers

All coagulants and chemicals used in the laboratory analyses were purchased from Fisher
Scientific, except PACI which was obtained from ClearTech in the form of a stock solution of 4.6
mol/L. Polymers were purchased from SNF Inc., BASF, Kemira and AS Paterson. Stock solutions
of coagulants and polymers were prepared in the laboratory by dissolving the respective solutes in
deionized water to the desired concentration; they were then stored at 4°C for up to four days until

used in the jar test.

3.2.3 Jar test

During the coagulant and polymer optimization studies, three B-KER? Jar Test apparatuses
with 3-inch wide Phipps & Bird stirrers were used for each mixing condition to cater for duplicate
test runs. Jars and stirrers were thoroughly cleaned with a phosphate-free detergent and rinsed with
deionized water before and after each use. At the beginning of each experiment, jars were filled
with 2 L of homogenized wastewater, then the designated doses of coagulants and polymers were
consecutively added to the jars before turning the impellers on. In all experiments, one jar remained
free of chemical addition to represent the effect of mixing only. Rapid and slow mixing were
performed sequentially before stopping the impellers and carefully removing the stirrers in each
apparatus to avoid any media disturbance. Settling was then allowed for one hour after which the
supernatant was collected with syringes immersed at 2 inches below the surface. Samples were
stored in dark glass bottles at 4°C for analysis.

A 23 factorial design was adopted to determine the impact of rapid and slow mixing
conditions and coagulant doses on the coagulation/flocculation process of the wastewater (Table
3.1). These factors were selected due to their influence on the destabilization and aggregation

process as well as their easy manipulation at a bench-scale level. Keeping in mind that these factors
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are among the most important ones impacting the coagulation/flocculation efficiency and that
various other factors have also been studied such at pH and temperature (Afzal et al. 2011, Chelme-
Ayala et al. 2012, Chelme-Ayala et al. 2011, Pourrezaei et al. 2010). In total, there were four
replicates for each measurement performed in the factorial design. Three different coagulants were
tested: alum, PACI and FeCls.

Table 3. 1 Details of the 2° factorial design used for the coagulants assessment.

Factor High Level Low Level

Rapid Mixing Gt 68400 (300 rpm — 3 min) 9300 (150 rpm — 1 min)

Slow Mixing Gt 27600 (30 rpm — 20 min) 6000 (15 rpm — 10 min)
Coagulant Dose 125 mg/L Alum (10.14 mg A/L) 50 mg/L Alum (4.05 mg AI/L)

105 mg/L PACI (10.14 mg AI/L) 42 mg/L PACI (4.05 mg Al/L)
61 mg/L FeCls (20.95 mg Fe/L) 24 mg/L FeCls (8.38 mg Fe/L)

Literature was screened to identify the most common applicable doses of alum in the
treatment of wet weather PI. In general, doses ranged between 25 and 200 mg/L, with 100 mg/L
alum being identified for maximum COD removal and % UVT (Gibson et al. 2016, Jung et al.
2015, Wang et al. 2015b). Accordingly, the alum doses decided upon in this study were 50 and
125 mg/L as they represent a reasonable range of values. Metal-equivalent doses were then
calculated to identify the corresponding doses of PACI and FeCl; (Table A.1). They were
elaborated based on the molar equivalent for the consumption of the same amount of alkalinity
(equation 3.1 and 3.3), according to which 2 moles of FeCls are equivalent to 1 mole of alum. 1.25
mg/L cationic polymer was also uniformly added in all jars along with the coagulant. Two levels
of rapid mixing with Gt values 68400 and 9300 and two levels of slow mixing with Gt values
27600 and 6000 were applied. Where "G" is the velocity gradient and "t" is the mixing time.

Conversions from rpm-min to Gt are presented in Table A.2.
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2FeCl3 + 6 H,0 + 3 Ca(HCO3), < 3 CaCl, + 2 Fe(OH)3 + 6 CO, + 12 H,0
(3.3)

Eight anionic polymers (labeled A to H) and one cationic polymer were arbitrarily selected
and their performances as coagulant aids were evaluated at a bench scale using a jar test with alum
as the primary coagulant (Table A.3). Similar mixing conditions were applied with all polymers
were uniformly injected with alum. After one hour of settling time, samples were collected from
the supernatant. They were screened for TSS, turbidity and ortho-P. The polymer that revealed the
highest removals was selected and investigated under a range of dose combinations to identify the
optimum condition for full-scale operation. All polymers were prepared from stock solutions and

applied with a ratio of 100:1 as coagulant: polymer.

3.2.4  Full-scale application of alum/polymer

Different dose combinations of alum and polymer were tested at the existing EPT plant at
the WWTP. The coagulant was dosed with mixing in the channel connected to the primary clarifier
and the flocculent was dosed downstream with mixing in the channel connected to the flocculation
chambers (Figure 3.1). Settling took place in the primary clarifier equipped with plate settlers for

a retention time of approximately one to two hours.

3.2.5 Analytical methods

Samples were analyzed according to the Standard Methods for the Examination of Water
and Wastewater (2012) for TSS (APHA (2012): Method 2540 D, using 0.45 pm filter paper), and
COD (Method 5220 D). HACH method was used to measure ortho-P in filtered samples (HACH
8114 based on Standard Method 4500-P C). pH and turbidity were determined using Accumet
Research AR20 pH/conductivity meter (Fischer-Scientific) and T-100 handheld Oakton Turbidity

meter, respectively. UV absorbance (UVA) was measured at 254 nm using Thermo Scientific
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GENESYS 10S UV-Vis Spectrophotometer, and the % UV Transmittance (% UVT) was
calculated using Equation 3.4. Data was analyzed using Microsoft Excel® which was also used to
run the Three-Factor ANOVA statistical test.
% UVT =100 x 10°VVA (3.4)
3.3 Results and Discussion
3.3.1 Wastewater quality

As part of this study, samples of PI during real wet weather conditions were collected at
different rain occasions and analyzed for TSS. The average obtained TSS value was 150 mg/L.
Accordingly; during dry weather, PI samples were diluted with deionized water to emulate real
wastewater in wet weather flow. Also, under wet weather conditions and a flow rate of 1000 MLD,
the recorded turbidity and ortho-phosphate values were 128 NTUs and 6.6 mg PO4*/L
respectively, while at a lower flow rate of 276 MLD, those values increased to 212 NTUs and 12.7
mg PO4*/L. The sampling period extended for two years with a total of 12 samples. Details on all
parameters are included in Table 3.2.

Table 3. 2 Water quality parameters of the untreated diluted primary influent (PI) used in the

bench-scale experiment and the influent wastewater to the WWTP in the full-scale runs.

pH Turbidity TSS % COD Ortho-P
(NTU) UvT
(mg/L) (mg O2/L) (mg PO4*/L)
Bench- Range 7.17-7.88 43-110 98-167 N.M. 160-361 2.10-6.35

scale

Average 7.38 88 137 N.M. 293 4.48

(+STDEV) (£0.22) (£22) (+29) &71) (+1.88)
Full-  Range 6.71-7.29 87-192 138-364  33-57 N.M. 0.88-11.10
scale

Average 7.13 150 224 44 N.M. 6.54

(£STDEV) (£0.16) (&31) (£59)  (£6.85) (2.44)
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*N.M. = Not measured

3.3.2 Performance assessment of coagulants

In general, the capacity of each coagulant to eliminate pollutants varied with the dose and
mixing conditions. Neither mixing conditions nor coagulant type and dose affected the final pH of
the wastewater which dropped slightly upon coagulant addition. At lower coagulant doses, the pH
ranged between 6.90-7.21 for alum, 7.16-7.34 for PACI and 7.11-7.29 for FeCls. At higher
coagulant doses, the pH of treated samples ranged between 6.35-6.99 for alum, 6.85-7.21for PACI
and 6.74-7.10 for FeCls.

According to Figure 3.2, turbidity removal ranged widely between 75% and to 96%. Indeed,
alum and PACI showed comparable performance in the removal of turbidity and achieved 95%
and 96% removals respectively compared to 85% by FeCls at the high dose. It was also noticeable
that higher coagulant doses achieved higher turbidity removal with the best performance attained
at the low level of rapid mixing and slow mixing.

Results of TSS removal indicated that all three coagulants showed comparable efficiencies
with the best removal achieved at the low level of rapid mixing and high level of slow mixing. At
low doses of coagulants and optimal mixing conditions, FeCl; removed 95% of TSS while alum
and PACI attained > 98% removal. Mixing showed different impacts on TSS removal with PACI
mainly because the flocs formed with PACI are more sensitive to breakage, and their settling
velocity changes inversely with Gt (Dempsey et al. 1985, Yu et al. 2009). The best removal of TSS
by both dose levels of PACI was achieved at the low level of rapid mixing and high level of slow
mixing while the lowest removal attained at the high level of both rapid mixing and slow mixing.
This might be ascribed to that PACI form hydroxide flocs rapidly and extensive rapid mixing leads
flocs breakage thus inhibiting suspended solids removal (Wang et al. 2015a). In contrast, higher
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slow mixing promotes larger flocs formation with higher settling velocities resulted in better
removal of suspended solids. It is worth noting that in all cases, the final recorded TSS value was
less than the target value set by the WWTP (30 mg/L).

With COD removal, the tested coagulant doses and mixing conditions turned out to have
different effects. The condition of low-level rapid mixing with high-level slow mixing was
consistently the most favorable for all three coagulants at the low dose level. At the low dose level,
the tested coagulants achieved comparable removal of COD while at a high dose level, PACI in
most cases revealed better COD removal reaching up to 79%. In fact, PACI is expected to exceed
alum as it is a pre-polymerized coagulant that brings pre-formed stable aluminum hydroxide
polymeric species to the matrix upon its addition. These species are also formed when alum is used
and they are the product of alum hydrolysis (Jiang and Graham 2010). Yet, with PACI application,
they are readily available for a longer time which justifies their higher potential for charge
neutralization. Studies have demonstrated that for these reasons, PACI has a high capacity to
adsorb and thus remove dissolved organic carbon which would also imply the removal of natural
organic matter and lower COD (Jiang and Graham 2010, Smoczynski et al. 2014). Alternatively,
studies suggested increasing the dose of alum to improve COD removal (Zhou et al. 2008).

The removal of ortho-P was best achieved with alum under all mixing conditions and doses,
with the highest removal being 100%. Similar to the results above, high coagulant doses lead to a
higher percentage of removal and FeCls remained the least efficient among the three coagulants.
The mixing intensity impacted positively on the removal of ortho-P. Such observation can be
associated with the formation of phosphate complexes that are influenced by pH and coagulant
dose. When Al-based coagulants are applied, aluminum monomer species that form by the

coagulant hydrolysis have the dominant effect on the formation of phosphate complexes (Trinh
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and Kang 2015). It has been reported that iron-based coagulants are more effective for the removal
of phosphate, while aluminum-based coagulants are more effective for the removal of COD
(Smoczynski et al. 2014). This is not supported by our results that showed that FeClsz was less
effective for the removal of both ortho-P and COD when applied in iron-equivalent doses
comparable to those of the aluminum-based coagulants. This disagreement regarding the
efficiency of both metal-based coagulants can be due to the different experimental conditions
applied in both studies. As such, Smoczynski et al. (2014) used synthetic wastewater along with
higher doses of aluminum and iron-based coagulant doses: 235 mg Al/L and 452 mg Fe/L, while
we applied lower doses of both coagulants (10.14 mg Al/L and 20.95 mg Fe/L, equivalent to 0.37

mM of metal) on real wastewater.
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Figure 3. 2 Percentage removal (%) of the tested parameters by FeCl3, alum and PACI at high

and low coagulant doses. The effect of mixing and settling on the removal was excluded in the

calculation. In untreated wastewater, the parameters ranged as follows: Turbidity 47.2-106.0

NTU; TSS 99-167 mg/L; COD 160-361 mg O2/L; and Ortho-P 2.10-6.35 mg P/L.
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The two components of mixing addressed in this study: intensity and time are generally
capable of mitigating the effect of each other. On one hand, studies have demonstrated that intense
mixing provokes the breakage of flocs which results in small hard to settle particles and thus high
turbidity (Yukselen and Gregory 2004). On the other hand, long mixing time could reverse flocs
breakage, yet this is not always guaranteed and tends to be less significant in metal-based
coagulants (Yu et al. 2011, Yukselen and Gregory 2004). For all those reasons added to the extra
power requirements for mixing, high-level rapid mixing conditions are generally not favored.
Since, during the analysis of variance, the effects with values near-zero are generally attributed to
experimental error or noise (Anderson 2015), factors in the current ANOV A showing such effects
were considered negligible regardless of their p-values. Overlooking all three coagulants, it could
be noticed that while turbidity removal was unilaterally impacted by coagulant dose, there was no
agreement on the factors, impacting the removal of TSS, COD and ortho-P across the studied
coagulants (Table A.4). As such, factors affecting TSS removal by alum and the extent of this
effect differed from those with PACI and FeCls. Similar results were obtained by Zhu et al. (2010)
during the treatment of liquid swine manure. COD removal by alum was mostly affected by slow
mixing alone and slow mixing and coagulant dose combined, while with PACI and FeCl3 slow
mixing was the most impactful. Factors affecting the removal of ortho-P by alum and PACI were
the same (coagulant dose only and slow mixing and coagulant dose). It must be highlighted that
slow mixing and/or coagulant dose combined unveiled the highest effect for the removal of ortho-
P and COD across all three coagulants. So, to maximize the removal of the contaminants, these
factors must be optimized.

The following ANOVA models can be developed to predict the percent removal of TSS with

factors at two levels; models for the removal of other contaminants are available in Table A.5.
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TSS % Removal by:
Alum: 90.29 -7.32 A+3.52C—-6.78 AB—-3.47 AC+4.35BC
PACI: 86.36 —5.40 A+4.89 C-10.35 AB+ 8.98 AC-5.95BC

FeCls: 85.66—5.93 B +9.48 AC—12.76 BC

3.3.3 Optimization of the alum dose

The above analysis deemed alum and PACI comparable for the removal of contaminants, yet
alum is more cost-efficient than PACI (with approximately 300 USD /MT of alum compared to
600 - 715 USD /MT of PACI), so it can be considered the best coagulant for full-scale application.
In order to further optimize its dosage, a jar test was performed with a broader range of alum doses
(0 to 150 mg/L) that were evaluated for the removal of TSS (Figure 3.3). Results demonstrated
that with an alum dose of 75 mg/L, the final average TSS was 33 mg/L. Further increasing the
alum dose decreased the TSS to below the target value of 30 mg/L to reach near a plateau.
Therefore, we recommended 75 mg/L alum as the typical dose because higher doses would incur

higher costs with minimal returns.
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Figure 3. 3 Effect of alum dosage on the removal of TSS from wastewater at wet weather

conditions.
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3.3.4 Effect of polymer type on the performance of alum in the treatment of wastewater during
wet weather flow

As alum was deemed the best coagulant for wastewater treatment, an attempt was made to
further improve its performance under the effect of different types of polymers. The WWTP is
currently implementing anionic polymer A along with alum. Therefore, 7 other types of anionic
polymers and 1 cationic polymer were put to test to assess the role of polymer addition. The
chemical and physical properties of all polymers are available in Table A.35. The dose ratios of
coagulant: polymer were maintained constant at 100:1 and the mixing conditions were fixed at 300
rpm - 1 min for rapid mixing and 30 rpm - 20 minutes for slow mixing. Following the previous set
of experiments, it was decided to investigate the performance of 75 mg/L alum applied with 0.75
mg/L polymer in terms of turbidity, TSS and ortho-P removal. The obtained results (summarized
in Figure 3.4) showed that while all tested polymers exhibited comparable performances, Alum
with the anionic polymers A and B showed the best removal for all three tested parameters. All
treated samples met the TSS and UVT % design values for the EPT effluent (30 mg/L and 40%

respectively).
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Figure 3. 4 Effect of polymer addition on turbidity, TSS, ortho-P and % UVT (applied alum dose
1s 75 mg /L and polymer dose is 0.75 mg/L).

The addition of anionic polymer was further evaluated, and the experiments were limited to

polymer A which the WWTP was using in its operations at the time of this study. Thus, alum was
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applied with and without polymers A, (in doses ranging between 25/0.25 and 150/1.5 mg/L as
alum/polymer (mg/L)) during a jar test and samples were analyzed for turbidity, TSS and ortho-P
removal (Figure 3.5). With mixing only and no chemical addition, turbidity and TSS were
significantly reduced compared to ortho-P. Adding alum only without polymers led to better
removals compared to adding alum with a polymer which is in line with findings from another
study (Aguilar et al. 2005). An average alum dose of 75 mg/L achieved the target EPT effluent
TSS value set by the WWTP (30 mg/L). Increasing the doses of alum and polymer did not
efficiently improve the removals as samples treated with 125:1.25 alum/polymer could barely
reach a final TSS value close to 30 mg/L. This may be referred to a mechanism of re-stabilization
of particles in suspension due to the tremendous increase in the positively charged aluminum

species (Saritha et al. 2017).

The removal of ortho-P is usually influenced by the wastewater quality including: initial ortho-P
concentration, TSS, and pH, in addition to the type and dose of chemical added, and mixing
conditions (Hussain et al. 2011). The pH of all tested samples was between 7.13 and 7.22 without
adjustment, which is the optimum pH for ortho-P removal by alum and iron-based coagulants.
During the coagulation process, different aluminum and phosphate complexes are formed under
specific pH values. It is reported that phosphorus adsorbs onto the hydrolysis products of the metal-
based coagulants, this chemisorption results in precipitates that separate easily from the liquid.
Changes in the pH can affect the favorable conditions for the formation of phosphate-aluminum
complexes and the adsorption and desorption mechanisms (Smoczynski et al. 2014). The solubility
diagram of aluminum hydroxide shows that pH dictates the form of hydrolysis products which are
positively charged at low pH and negatively charged at high pH. It was found that the favorable
pH for ortho-P removal by precipitation of aluminum phosphate (AIPO4) is between 6 and 8 (David
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Jenkins and Menar 1970). In this study, the removal of ortho-P was noticed to improve when
higher chemical doses were applied; however less improvement was observed when alum doses

exceeded 125 mg/L (Figure 3.5). Moreover, the application of anionic polymer might be hindering

the removal of ortho-P as alum alone was able to achieve better removal.
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Figure 3. 5 Impact of alum dose applied with anionic polymer A in a fixed dose ratio of 100:1 (as

alum: polymer in mg/L) on the removal of turbidity, TSS and Ortho-P.
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3.3.5 Effect of alum and polymer addition during full-scale application

A detailed description of water quality parameters in the influent and effluent of the WWTP
is available in Table A.6. The initial TSS values for all events from the full-scale application ranged
from 168 to 296 mg/L. As shown in Figure 3.6, the results of coagulant addition were in line with
the findings from the jar test confirming that 100 mg/L of alum was capable of achieving the target
TSS design value (30 mg/L). In fact, this is expected since the primary clarifier is provided with
lamella plate settlers to maximize the removal of suspended solids. Moreover, better removal was
achieved with the lower dose of alum: polymer A 75/0.75 mg/L when the initial TSS was less than
200 mg/L. Yet, when initial TSS exceeded 200 mg/L, the same alum dose of 75 mg/L was unable
to achieve the required removal even when increasing the polymer dose to 1.1 mg/L. It is therefore
preferable to adjust the alum dose when the TSS values in the incoming PI are higher than 200
mg/L. Pollutant removals induced by the application of chemicals were evaluated against removals
under the effect of lamella plate settlers (indicated by "No chemicals" in Fig.3.6). Results showed
that the chemical addition is crucial for ortho-P reduction whereas the effect of lamella settler
alone was almost null because ortho-P removal is mainly associated with precipitation (Gasperi et
al. 2010, Mohammed and Shanshool 2009). However, there was a noticeable reduction in TSS and
turbidity where the main mechanism of removal is settling. In some cases, the effects of lamella
settler on TSS reduction were comparable with the values obtained when chemicals were added.

These findings are comparable to those reported by the effect of mixing only in the jar tests.
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Figure 3. 6 Removal of turbidity, TSS and ortho-P during the full-scale application of alum and

alum + polymer A.

There are multiple physical and chemical factors affecting the process of
coagulation/flocculation such as the dose and type of chemical and its application point, reactor
type, background effects and mixing intensities and times. In fact, it is possible to compare bench
-scale with full-scale experiments by using the mean velocity gradient G or Gt values assuming
the mixing environments will be the same under constant G or Gt (Cornwell and Bishop 1983).
Yet, during the jar tests, both chemicals were simultaneously added at the beginning of rapid
mixing with known mixing intensities while during full-scale operation, the coagulant is mixed
with the inflow to the coagulation tank and the polymer is mixed later with the outflow into the
flocculation chamber. In addition, on either scale the temperature was not controlled, it varied

between 5 and 20°C at full scale while room temperature was maintained during jar tests. Indeed,
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the comparison between bench and full-scale was strictly based upon the chemical addition. So,
although the jar test could not mimic the exact operation conditions, our results acquired from
bench-scale experiments were comparable to the results of the full-scale operation in terms of
contaminants removals on a mass basis (Figure 3.7). Bench-scale data showed that polymer
addition had no impact on the removal of tested parameters while at full-scale polymer addition
showed slight improvement (Figures 3.5&3.6). That might be ascribed to the discrepancy in the
addition point of polymer in which at bench-scale the polymer was added simultaneously with
coagulant at the beginning of rapid mixing while at full-scale the polymer was added at the
beginning of slow mixing. The effects of polymer addition point was not covered in this study and

that might be considered in future work.
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Figure 3. 7 Comparison between bench-scale and full-scale applications of 75 mg/L alum only

and 75 mg/L alum + 0.75 mg/L polymer for the removal of turbidity, TSS and ortho-P.

3.3.6 Effective parameters for online process control

Investigating the correlation between different wastewater parameters is technically and
economically beneficial. According to Ratnaweera and Fettig (2015), pH, turbidity, TSS, UVA
and ortho-P are relevant parameters to evaluate the coagulation/flocculation/sedimentation
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process, and they are typically monitored by online sensors. Ortho-P is occasionally measured to
monitor the influent and effluent quality. For these reasons, correlations between the different
parameters were studied to investigate downsizing the analysis to the most effective parameter for
online process control.

Results obtained from the full-scale analysis revealed no strong association between the
influent flow rate and any of the measured parameters. So, the flow rate cannot be a reliable
indicator for process control. Also, besides the redundant correlation between TSS and turbidity,
there was a strong correlation between % UVT and ortho-P (Figure 3.8). This signifies that
measuring turbidity and UVA during operation can help predict rough estimates of TSS and ortho-
P and adjust the required coagulant dose without the hassle of multiple sample analyses. This is
known as a feed-forward control scheme where the quality of the influent is monitored to adjust
the chemical dosing. (Ratnaweera and Fettig 2015). Mass removal ratios can be used here to

approximate the required coagulant dose.
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Figure 3. 8 Correlations between contaminants measured at the full-sale level.
At the bench-scale level, our results showed a good correlation between turbidity and TSS,
TSS and COD, and COD and ortho-P (Figure 3.9). The strongest linear correlations were between
turbidity and TSS at both full-scale and bench-scale levels, where the R? values were 0.80 and 0.85

respectively (Figures 3.8&3.9). These results comply with those obtained by Grayson et al. (1996)
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who studied the correlation between turbidity and TSS and turbidity and total phosphorus in
samples collected from a river catchment area and identified strong linear correlations with R?
values of 0.86 and 0.90, respectively. It is noteworthy that the strength of such correlations is site-
specific and changes according to the tested wastewater matrix (Hannouche et al. 2011).

Nevertheless, more data is essential to reduce the uncertainty and validate those correlations.
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Figure 3. 9 Correlations between contaminants measured at bench-scale level.

3.3.7 Implications of these removals on the monitoring of micropollutants
As discussed previously, CSOs are a considerable source of micropollutants. So, in order

to assess the overall efficiency of the EPT and the need for any additional treatment, it is important

81



to monitor not only conventional pollutants, but also micropollutants of concern. Thus, in order
to estimate the elimination of MPs during EPT, the correlation between differential UV Ajsa
(AUVA»s4) and removal of MPs was surveyed from different studies. In the present study we
project that UVA can serve not only for process control, but also as a surrogate parameter to
estimate the removal of micropollutants during the EPT of CSO. Micropollutants removal
correlates with AUV Axs4in advanced oxidation and adsorption processes where an increase in
AUV Azsais associated with higher removal of trace organics reaching up to 95% depending on the
chemical structure and properties of the compound (Altmann et al. 2016, Altmann et al. 2015,
Ning et al. 2007, Sui et al. 2010, Zhang et al. 2015, Ziska et al. 2016). In
coagulation/flocculation/sedimentation processes, UV A2s4 was found to be an accurate surrogate
parameter for trihalomethane formation in alum-treated waters (Pifer and Fairey 2014). In the
current study, AUV Azs4 ranged between 15% and 40% with the use of 75 mg/L alum at the bench
and full-scale levels. This range can be associated with up to complete removal of some trace
organics by ozonation (Chys et al. 2017). In this WWTP final effluent, Shu et al. (2013) and Kerr
et al. (2008) reported on the occurrence of some micropollutants such as carbamazepine,
diclofenac, ibuprofen, gemfibrozil, mecoprop, diazinon and others at varying concentrations. In
contrast, CSO contributes up to 10% of the total discharged load of trace organic compounds with
low removal efficiency in a WWTP and up to 90% of those with high removal efficiency (Phillips
et al. 2012). As such, we anticipate that the EPT of CSO can still achieve some removal of those
compounds that have low water solubility, which entails hydrophobic interactions and sorption
onto particulate matter (Margot et al. 2015). Other hydrophilic compounds can also aggregate with
metal ions during the treatment with alum. Alum treatment can as such remove up to 75% of some

micropollutants (Kim and Zoh 2016) which can translate in higher AUV A»s4. Moreover, the
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removal of selected MPs by different oxidants will be investigated extensively in other phases of

this study.

3.3.8 Recommended future interventions

The local municipality projects that by 2020, the WWTP would contribute around 10% of
the total TSS loading to the adjacent river among which 10 % (2700 Kg/d) would be attributed to
the EPT effluent (at a concentration of 30 mg/L) compared to 72% to the final effluent (at a
concentration of 7 mg/L) and 18% to the combined bypasses. Thus, the EPT was put under the
Combined Sewer Overflow Control Strategy set by the city to control the discharges into the river
(City-of-Edmonton 2009). Despite prioritizing TSS, several macro and micropollutants can
implicate detrimental effect to the environment receiving the EPT effluent. It is believed that the
discharge of CSO cumulatively increases the level of E. coli in the aquatic environment by 0.5 to
2 log (Madoux-Humery et al. 2016). The disinfection of CSOs was effectively achieved by
ultraviolet irradiation (Tondera et al. 2015, Wojtenko et al. 2001a), ozone (Tondera et al. 2015,
Wojtenko et al. 2001b), performic acid (Chhetri et al. 2015, Chhetri et al. 2014, Tondera et al.
2016), and peracetic acid (Chhetri et al. 2016, Chhetri et al. 2014, Coyle et al. 2014). Therefore,
further polishing steps will be required for disinfection and oxidation purposes to minimize the

environmental impact of the EPT effluent.

3.4 Conclusions

This study provided a practical solution for the enhanced primary treatment of municipal
primary influent under wet weather conditions and proposed the best parameters for online process
control. It demonstrated that alum is the best coagulant for the EPT. In fact, alum and PACI were
both capable of maximizing the removal of major macropollutants under different mixing

scenarios. However, the former had the advantage of cost efficiency and was therefore considered
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for further optimization. A dose of 75 mg/L alum (6 mg/L Al) without any polymer was guaranteed
to achieve the target levels of TSS and reduce turbidity by 87% and ortho-P by 71%.

Overall, bench and full-scale applications of coagulant and coagulant aid, despite their
dissimilarities, unveiled comparable results especially for turbidity and TSS removal. The role of
temperature in the overall optimization of the treatment process can be further investigated
particularly where major seasonal and diurnal fluctuations are forecasted. The removal of
macropollutants presented in this study correlated with that of micropollutants can serve as a guide
for additional treatment with a small footprint and high efficiency in order to refine the EPT of

CSO. This treatment should consider sustainable options for disinfection and oxidation.
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Chapter 4: Enhanced Primary Treatment during Wet Weather Flow
Condition Using Ferrate as a Coagulant, Coagulant Aid and Disinfectant

4.1 Introduction

Ideally, sewage drainage and stormwater drainage are disconnected for better management
and treatment of both water types. However, some cities in the United States, Canada and Europe
have combined sewer systems, where the sewage drainage and stormwater drainage are combined.
Most of the wastewater treatment plants (WWTPs) are not adapted to treat the high volumes of
influent wastewater during wet weather flow (WWF) (Phillips et al., 2012). In Canada, as of 2016,
the total numbers of combined sewer systems were 269. They discharged 120 million m® of wet
weather flow (WWF) wastewater in receiving water bodies (e.g. rivers, lakes) without proper
treatment according to Environment and Climate Change Canada (ECCC, 2019a). In Alberta, there
is only one combined sewer system which discharges an annual average of 5.4 million m® of WWF
wastewater to the surface water (ECCC, 2019b). This practice tremendously increases the
contaminants’ levels (bacteria, inorganic/organic matter, heavy metals, PAHs) in surface waters
thus endangers the aquatic lives and beneficiaries (Gromaire et al., 2001; Marsalek and Rochfort,
2004). Therefore, to minimize the impact of WWF, many approaches have been used such as
constructed wetlands, rain gardens, real-time gate control, and enhanced primary treatment (EPT)
(Autixier et al., 2014; Lucas and Sample, 2015; Tao et al., 2014). EPT is easier to retrofit where
chemical intervention (i.e. coagulation/flocculation) is used to destabilize organic and solid
contents, which are subsequently removed by sedimentation. For instance, a cationic polymer with
alum and silica micro-sand were employed for treating WWF wastewater and removed 98% of the
total suspended solids (TSS) (Zhu et al., 2007). Furthermore, it was reported that alum and ferric
chloride were used along with lamella plate settlers for treating WWF wastewater and removed

80%, 60%, 85% and 75% of TSS, chemical oxygen demand (COD), total phosphorous and heavy
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metals, respectively (El Samrani et al., 2008). Nonetheless, the aforementioned techniques for
treating WWF wastewater might fail to achieve target levels of microbial reduction thus exploring
new approaches becomes more essential.

Ferrate (FeO%”) has emerged as a multifunctional compound that acts as both an
oxidant/disinfectant and a coagulant with the highest reduction potential (2.2 V) among the non-
radical oxidants (Amano et al., 2018; Cho et al., 2006; Gandhi et al., 2014). In fact, ferrate has
been classified as an environmentally friendly compound of the non-toxic final reduced form of
ferric oxide/hydroxide which could act as a coagulant (Yates et al., 2014). As such, ferrate has
been proposed as a suitable chemical to treat the wastewater during WWF condition.

Many studies examined ferrate as an oxidant, disinfectant and coagulant in pure water,
drinking water and wastewater matrices (Goodwill et al., 2015; Karlesa et al., 2014; Lan et al.,
2016; Sharma, 2011; Xu et al., 2007; Yu et al., 2013). For instance, ferrate (8 to 15 mg/L Fe) was
applied in secondary effluent where it removed 80% of COD, and 99.9% of total coliform (Jiang
and Lloyd, 2002). For primary influent wastewater, ferrate (<1 mg/L Fe) surpassed ferric chloride
and removed 60% of TSS (Co= 432 + 169 mg/L), 40% of total phosphorus (TP) (C, = 14.3£3.6
mg/L) and 80% of COD (Co,= 946 + 307 mg/L) (Stanford et al., 2010). Moreover, ferrate (3 mg/L
Fe) removed 16% of dissolved organic carbon (DOC) (Co=4.43 mg/L) in surface water at pH =
5.8 (Song et al., 2016).

Ferrate is also a strong disinfectant and has demonstrated high biocidal effects against
different microorganisms such as total coliform, fecal coliform, Escherichia coli (E. coli), Giardia
and Cryptosporidium (Gombos et al., 2013; Jiang, 2014; Makky et al., 2011; Sharma et al., 2016).
In secondary wastewater effluent, ferrate (5 mg/L Fe) inactivated 100% of heterotrophic bacteria

(No=2.58 x10* to 8 x 10° CFU/mL) at pH=7.31 to 7.91 (Gombos et al., 2013). In the same study,
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ferrate (4 mg/L Fe) surpassed sodium hypochlorite (10 mg/L CLo) by achieving 100% inactivation
of E. coli (No=3 x10° CFU/mL). In fact, ferrate is more effective as a disinfectant at acidic pH
due to the presence of protonated species (e.g. HFeO s, HoFeO4) (Sharma, 2002). Therefore, ferrate
(1.5 mg/L Fe) achieved 4 log removal of E. coli at pH 7.2 compared to 1.7 log removal at pH= 8.2
in deionized (DI) water (No = 2.58 x10* to 8 x 10® CFU/mL) (Cho et al., 2006).

The wastewater treatment approaches during WWF should consider the reduction of both
conventional water quality parameters (e.g. TSS, COD) and bacterial level (e.g. total coliform, E.
coli). However, numerous studies have been limited to either coagulation or disinfection/oxidation
of wastewater during WWF. For example, treating the wastewater during WWF by coagulation or
enhanced coagulation was proposed while disinfection was overlooked (El Samrani et al., 2008;
Exall and Marsalek, 2013; Gasperi et al., 2012; Jeon et al., 2017; Jolis and Ahmad, 2004; Li et al.,
2003; Sumant et al., 2016; Wang et al., 2016b; Zhu et al., 2007). In contrast, other studies had
evaluated different disinfectants (peracetic acid, formic acid, and hypochlorite) during WWF and
ignored the pre-treatment (McFadden et al., 2017; Ravi Kumar Chhetri, 2016; Tondera et al.,
2016). That being said, limited studies investigated coagulation/sedimentation with disinfection
during WWF (Chbhetri et al., 2016; Gibson et al., 2016). To the best of the authors’ knowledge,
only limited studies proposed ferrate for treating the wastewater during WWF condition (Elnakar
and Buchanan, 2019; Gandhi et al., 2014). However, Gandhi et al. (2014) explored ferrate only as
a coagulant with dose optimization and pH impact. While Elnakar and Buchanan (2019) only
focused on ferrate as a disinfectant and highlighted the role of mixing. Therefore, this study was
designed to systematically evaluate the capacity of ferrate to minimize both suspended solids and
microbial levels in the wastewater during WWF condition. Specifically, ferrate coagulation and

disinfection behaviors were evaluated simultaneously when ferrate was used alone as a coagulant
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or as a coagulant aid with alum to treat the raw WWF samples. Moreover, the disinfection effects
of ferrate at post-dosing (after coagulation/sedimentation) were also examined. Some studies
showed that ferrate can be used effectively as a coagulant (Graham et al., 2010; Jiang and Lloyd,
2002; Jiang et al., 2001; Jiang et al., 2006) while other studies reported an inefficient performance
of ferrate for coagulation (Goodwill et al., 2015; Jun and Wei, 2002; Yates et al., 2014; Yu et al.,
2016; Zheng and Deng, 2016). The main objectives of this study were: (i) to evaluate ferrate
capacity as a coagulant/coagulant aid/disinfectant for enhanced primary treatment during WWF;
(i1) to optimize ferrate coagulation operation conditions (rapid mixing, slow mixing, polymer
addition) using two-level factorial design; (iii) to evaluate ferrate as a coagulant aid with alum as

primary coagulant; (iv) to examine ferrate as a disinfectant at different dosing points.

4.2 Materials and Methods

4.2.1 WWF sampling and chemicals

Raw WWF or sewage samples were collected from a wastewater treatment plant located in
Alberta, Canada in high-density polyethylene pails (20 liters). The samples were preserved at 4 °C
before the analysis. All analyses were conducted within a week while bacterial analysis was
completed within the 24 hrs following sampling. During WWF events, the samples without further
modification were used for analysis, while during dry weather, raw samples were diluted using
deionized (DI) water to reach the same TSS concentration of real WWF samples. The water quality
parameters of the WWF and diluted raw samples during dry weather are presented in Table B.1.

Potassium ferrate (K:FeOs) (purity 76%) was prepared by wet method and stored in a
desiccator isolated from moisture for more than one year (Thompson et al., 1951). Ferrate stock
solution was freshly prepared by dissolving potassium ferrate (KoFeOs) in DI water (pH=9.2) and

was used within 30 minutes. The ferrate concentration was measured by the direct
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spectrophotometric method using a UV—vis spectrophotometer (Thermo Scientific). Firstly, the
absorbance was measured at 510 nm, after filtration with 0.2 um nylon filters (Thermo Scientific)
to remove any interferences from ferric particles and impurities. Then the absorbance was divided
by an absorptive coefficient (1150 M) (Luo et al., 2011).

The cationic polymer (Praestol™ Flocculants) used in this study was freshly prepared by
dissolving the liquid stock in DI before each experimental run. Aluminum sulfate (alum) was
purchased from Sigma Aldrich and supplied in powder form of 100% purity. The stock solution
of alum was prepared freshly before every experimental run.

4.2.2 pH, turbidity, TSS, UVT% and alkalinity

pH was measured using Accumet Research AR20 pH/conductivity meter (Fisher
Scientific). Turbidity was measured by OAKTON turbid meter T-100. TSS was measured
following the standard method 2540 D and samples were filtered using a glass fiber filter (GF/F
Whatman). The ultraviolet absorbance UV was measured at wavelength 254 nm using a Genesys
10S UV—vis. spectrophotometer (Thermo Scientific). Samples were filtered with a 0.45 pm nylon
filter (Thermo Scientific). The percent ultraviolet transmittance (UVT%) was calculated using
equation (4.1):

UVT% = 10274 (4.1)

where A is the absorbance measured in cm™.

The alkalinity was measured following the standard method 2320B (APHA, 2017). Titration
was conducted using a Mettler Toledo autotitrator with standardized sulfuric acid used as a titrant.

The titration was stopped at pH 4.5 and alkalinity was calculated using equation (4.2):

A X N x 50000
mL sample

Alkalinity,mg Ca CO3 /L = 4.2)

where: A = mL titrant used, N = normality of titrant, and mL sample = volume of used sample.
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4.2.3 Measurement of COD and orthophosphate

COD was measured according to the closed reflux, colorimetric method (standard method
5220D) (APHA, 2017). Orthophosphate (OP) was measured according to the standard method
(4500-P C) using HACH 8114. Therefore, 10 mL of the sample was filtered with a 0.2 um nylon
filter and transferred to glass vials. Then 0.5 mL of phosphate reagent (Molybdovanadate reagent)
was added. After 7 minutes, OP concentration was measured using a spectrophotometer (at 430

nm wavelength) (HACH DR 3900). All vials were cleaned by phosphate-free detergents.

4.2.4 Measurement of E. coli

E. coli was measured according to the standard method 9222B membrane filtration
techniques for members of the coliform group (APHA, 2017). The colony-forming unit was
counted and reported as colony-forming unit/100 mL (CFU/100 mL) as per the standard

procedures.

4.2.5 Zeta potential (ZP), iron residual and ferrate generated flocs

Zeta potential (ZP) analysis was conducted by using a Nanobrook Omni instrument (Brook
Haven Instrument) where 2 mL of sample was placed in a disposable polystyrene cuvette. Phase
analysis light scattering (PALS) was used and the reported reading was measured as an average of
two runs with 30 cycles of each using the Particle Solution software. Iron concentration was
measured by using inductively coupled plasma mass spectrometry (ICP-MS).
The morphology of generated flocs after coagulation and sedimentation was characterized by
scanning electron microscopy (SEM) and elemental distribution measured by energy-dispersive
X-ray (EDX) using Zeiss EVO M10 SEM W/EDX. The flocs were collected by borosilicate

glass drop pipette from generated sludge 50 mL of wet sludge and subsequently dried at 104 °C.
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The samples were coated with a thin golden film layer using the Denton Sputtering system

before SEM and EDX analyses.

4.2.6 Experimental design and setup

In this study, ferrate was tested as a coagulant, coagulant aid, and disinfectant following
different treatment trains through bench-scale experiments using PB-700™ JARTESTER
(PHIPPS&BIRD™) jar test apparatus (Figure 4.1). In treatment train 1, ferrate was used a
coagulant with and without cationic polymer addition. The coagulant dose, polymer addition and
mixing conditions were optimized based on a two-level factorial design (Table 4.1). In treatment
train 2, ferrate was evaluated as a coagulant aid and applied simultaneously with alum (primary
coagulant) at the beginning of rapid mixing. In treatment train 3, ferrate was dosed as a disinfectant
after completion of the coagulation/flocculation/settling process. All experiments were performed

in duplicates and average values were presented.
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Figure 4. 1 General schematic of different treatment trains (TR) (1, 2 and 3) that were used in
this study for testing ferrate as a coagulant, coagulant aid and disinfectant during wastewater
treatment during wet weather flow (WWF) in bench-scale level. At the coagulation/flocculation
point, the chemical was added at the beginning of rapid mixing followed by slow mixing
(flocculation) and then the settling process. In TR (1) WWF samples were treated by ferrate a
coagulant with or without cationic polymer while in TR (2) the treatment was carried out by
ferrate as a coagulant aid with alum. In TR (3) alum was added to WWF at the
coagulation/flocculation point and ferrate was added as a disinfectant to the supernatant after

settling.

Table 4. 1 Two-levels factorial design with three factors rapid mixing, slow mixing and

coagulant dose.

Rapid Slow Ferrate = Polymer

it . . Gt Mixing
. mixing mixing doses doses
Experiment

(rpm/min) (rpm/min) (rapid/slow) level (mg/L Fe) (mg/L)

1 300/3 30/20  (68400/27600)  (1/1)®  (0.5/8)°  (0/1.25)¢
2 300/3 15/10  (68400/6000)  (1/-1) (0.5/8)  (0/1.25)
3 150/1 3020 (9300/27600)  (-1/1) (0.5/8)  (0/1.25)
4 150/1 15/10 (9300/6000)  (-1/-1)  (0.5/8)  (0/1.25)

®Velocity gradient in s and t is mixing time, ® High level/low level of mixing, ¢ Low dose of
ferrate/high dose of ferrate, ¢ polymer dose level.
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4.3 Results and Discussion

4.3.1 Ferrate as a coagulant

Ferrate was evaluated as a coagulant based on treatment train 1 where ferrate was used to
treat the wastewater during WWF condition (Figure 4. 1). Two-level (high and low) factorial
design (Table 4. 1) was implemented to optimize the operation conditions. The tested factors were
polymer addition, ferrate dose, and mixing conditions (rapid/slow). The low level of ferrate dose
was 0.5 mg/L Fe, while the high level was 8 mg/L Fe. The low polymer level was set at 0 mg/L
and the high level was 1.25 mg/L. Mixing levels were selected based on the screened literature
and the most common conditions in practice (El Samrani et al., 2008; Exall and Marsalek, 2013;
Gibson et al., 2016). In principle, the efficiency of the coagulation and flocculation process is
highly dependent on coagulant and coagulant aid level and mixing intensity (i.e. rapid mixing,
slow mixing) (Young et al., 2000). Coagulation is initiated by rapid mixing upon the addition of
coagulant and coagulant aid to assure an effective dispersion of chemicals. That is followed by
slow mixing to promote flocs growth before sedimentation (Saritha et al., 2017).
pH and alkalinity levels of treated samples had average values of 7.4 £ 0.1 and 195 + 16 mg/L
CaCOs, respectively (Table B. 2, B. 3). Ferric hydroxide, the reduced form of ferrate (equation
4.3) which is insoluble at pH 6-8, is considered to carry out the coagulation process (Jiang and

Lloyd, 2002; Lee et al., 2014; Lv et al., 2018).
2Fe0;2 + 5H,0 - 2 Fe(OH); + 40H™ + 1.50, 1 (4.3)

Results unveiled that the low dose of ferrate (0.5 mg/L Fe) with polymer surpassed the high
dose (8 mg/L Fe) and removed 83% of turbidity, 87% of TSS, 87% of TVSS, and 70% of COD
(Figure 4. 2 and Table B. 4). Moreover, the addition of cationic polymer with ferrate (0.5 mg/L
Fe) improved the removals of turbidity by 19% and 11% approximately for TSS and COD
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respectively (Figure 4. 2). The performance of ferrate as a coagulant at a higher dose (8 mg/L Fe)
declined possibly due to the presence of ferrate-induced particles (iron residuals) (Figure 4.3 a).
Residual iron was found to be 0.255 mg/L Fe and 1.945 mg/L Fe induced by ferrate doses 0.5
mg/L Fe and 8 mg/L Fe without polymer, respectively. Other studies revealed that ferrate-residual
iron particles had nano-particle sizes with poor settling properties (e.g. 18% settled after 72 hr)
which may affect the turbidity of the wastewater (Jun and Wei, 2002; Yuan et al., 2002; Zheng
and Deng, 2016). In this study, the cationic polymer (1.25 mg/L) reduced the residual iron by 41%
to 63% (Figure 4.3 a) when combined with ferrate doses 0.5 and 8 mg/L Fe respectively, likely
via adsorption and agglomeration entailed by settling (Onen et al., 2018). Indeed, iron particles
under oxic conditions might form rust-color silts and result in the growth of iron-bacteria when
the concentration exceeds 0.6 mg/L Fe (ECCC, 2019c). Moreover, the magnitudes of zeta
potentials for the untreated and ferrate-treated water (using 0.5 and 8 mg/L Fe with polymer)
remained unchanged (-19+1 mV) (Figure 4.3, 1b). This indicated that the residual iron particles

have high stability in suspension.

The average removals of TSS and COD achieved by ferrate at 0.5 mg/L Fe were slightly lower
than that achieved by alum (4 mg/L Al) and ferric chloride (8.4 mg/L Fe) reported in a previous
study (Alameddine et al., 2020). In particular, ferrate 0.5 mg/L Fe achieved 80% of TSS and 57%
of COD while alum (4 mg/L Al) and ferric chloride achieved 84% to 86% of TSS and 66% to 68%
of COD respectively when all coagulants were injected with same polymer dose (1.25 mg/L). The
discrepancies in the performance among the three coagulants might be attributed to the involved
coagulation mechanisms (Duan and Gregory, 2003; Lv et al., 2018). The lower performance of
ferrate compared to ferric chloride might be ascribed to the different pathways underwent by each

chemical to form ferric hydroxides/oxides (Goodwill et al., 2015; Jiang et al., 2015a; Sharma et
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al., 2015; Yu et al., 2016). Actually, ferrate forms ferric precipitates via crystallization (slow aging
process, smaller floc size) while ferric chloride is subjected to the stepwise hydrolyzing process
(forming bigger floc sizes) (Goodwill et al., 2015; Yu et al., 2016).

The surface morphology of the resulting flocs was characterized by SEM and showed rough
texture covered with the adsorbed impurities (Figure B. 1). In fact, the surface roughness might
increase the adsorption capacity of the floc due to the effective void space in the created
microspheres (Vuong and Monson, 1998). This provides a suitable condition for enmeshment of
suspended particles which was also reported for the removal of colloidal kaolin particles and
aqueous arsenate precipitates (Lv et al., 2018; Wang et al., 2020). Furthermore, EDX analysis
showed almost similar elemental distribution in floc induced by the high and low dose of ferrate
(Table B. 5). In contrast, the percentage of iron weight in flocs came in line with the initial dose
of ferrate and was found to be 4.2% and 10.7% corresponding to the ferrate doses 0.5 and 8 mg/L,
respectively.

A ferrate dose of 8 mg/L Fe with polymer achieved higher removal of OP (28.6%) in
average, compared to 17.4% by ferrate at 0.5 mg/L Fe with polymer (Table B. 6). It was also found
in another study that OP (Co= 3.4 mg/L) removal improved from 10% to 30% by increasing the
ferrate dose from 0.12 to 0.6 mg/L Fe in simulated WWF wastewater (Gandhi et al., 2014). In
another study, a ferrate dose of 15 mg/L Fe was required to achieve 100% removal of OP
(Co=0.252 mg/L) when applied to secondary effluent (Kwon et al., 2014). Ferric chloride (8 mg/L
Fe) achieved higher removal of OP (83%) than that achieved by ferrate (8 mg/L Fe) under similar
testing conditions (Alameddine et al., 2020). A comparative study showed that ferric chloride and
ferrate have different precipitation mechanisms, which may determine the overall performance in

phosphate removal (Goodwill et al., 2015). In fact, the removal of the OP might occur via the

105



formation of ferric phosphate precipitation or adsorption of phosphate species to ferric hydroxide
(Bunce et al., 2018; Lee et al., 2009). The latter mechanism might be the dominant mechanism in
this study where the obtained pH 7.3+0.37 promoted the formation of ferric hydroxide (Lv et al.,
2018). EDX analysis showed that there was a traceable amount of phosphorus ions present in
sludge samples of ferrate (8 mg/L Fe) (Table B. 5). That being said, a more in-depth study might
be required to explore the phosphate removal mechanism by ferrate.

Ferrate even at the higher dose, did not improve UVT% (an indicator of dissolved organic
matter) (Table B. 7). That might be attributed to two reasons: firstly, the affinity of ferrate to attack
the hydrophobic portion of NOM which may contribute insignificantly to the total UVT% value
compared to the hydrophilic portion (Deng et al., 2018). Also, the presence of dissolved ferric
species might interfere with the UVT% measurement which was also confirmed on UV
measurement within the wavelength of 220 to 400 nm (Doane and Horwath, 2010; Xiao et al.,
2013).

The mixing level affected differently the removal of turbidity, TSS and COD. The highest
removal of turbidity and TSS was achieved at the high level of rapid mixing and low level of slow
mixing as 83% and 87%, respectively (Figure 4. 2 a & b). Of note, unlike ferrate, alum (4 mg/L
Al) and ferric chloride (8.4 mg/L Fe) achieved the best removal of turbidity at the high-level for
both rapid and slow mixing (1/1) whereas for TSS the best removal achieved by alum and ferric
chloride was at low-level rapid mixing and high-level slow mixing (1/-1) (Alameddine et al.,
2020). Interestingly, for ferrate, the highest removal of COD was attained at the high-level of both
rapid and slow mixing (Figure 4. 2 c¢) which was also reported for ferric chloride (Alameddine et
al., 2020). The observed discrepancies on the influence of the mixing intensity (Gt) might be

attributed to the differences in the characteristic of formed flocs and mechanisms of removal of
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the tested parameters. It was reported that charge-neutralization-induced flocs showed more
resistance to shear breakage (Rong et al., 2013). Also, floc properties (floc size, strength, settling
properties, break-up factors) are influenced significantly by Gt and coagulant type (Marques and
Ferreira Filho, 2017; Zhan et al., 2011). A high level of mixing during the flocculation stage might
break the formed flocs leading to lower removals of turbidity and TSS (Young et al., 2000). Also,
ferrate removed total COD via two processes: oxidation of soluble COD and coagulation of
particulate COD (Jiang et al., 2006). Therefore, a higher mixing intensity advocated the oxidation
and coagulation, which resulted eventually in higher removal of total COD (Cho et al., 2006;

Kralchevska et al., 2016; Sharma, 2013).
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Figure 4. 2 The percentage of removals for a) turbidity and b) TSS, ¢) COD at different testing

conditions after coagulation and sedimentation when ferrate used as a coagulant (the cationic

polymer concentration fixed as 1.25 mg/L).
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Figure 4. 3 The impact of ferrate dose and polymer addition on a) the residual iron levels and b)

zeta potential. The number between brackets is the concentration in mg/L.

The experimental data unveiled clearly that the low dose of ferrate (0.5 mg/L Fe) surpassed
the high dose for the removal of turbidity, TSS, and COD. Moreover, polymer addition exhibited
positive impacts. The level of rapid mixing and slow mixing showed different influences on the
tested parameters. Therefore, to understand the interaction effects of the three factors (i.e. polymer

addition, rapid mixing, and slow mixing), thorough factorial analyses were conducted.
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4.3.2  Two-level full factorial design (2°) analyses

The experimental data obtained by using ferrate low dose (0.5 mg/L Fe) were further

analyzed based on the factorial design as per the following procedures. Firstly, the effects of the

main factors (A= rapid mixing, B= slow mixing, and C = polymer addition) and their interactions

(AB, AC, BC, ABC) were calculated based on measured responses in the standard coded matrix

(Table B. 8) using equation 4.4. Secondly, ANOVA was employed to evaluate the statistical

significance level of effects with a p-value =0.05. Therefore, the effect was considered significant

if the p-value was < 0.05 (i.e. rejecting the null hypothesis) and insignificant with a p-value > 0.05.

Finally, constructing and validating general linear model equations for predicting the response of

each selected indicator (i.e. turbidity, TSS, and COD) base on the general form of linear equation

(4.5).

effect = Ly LY
ny

Y= the corresponding response at a high level (Y+) or low level (Y.)
n = number of data points collected for each level
Y=BotP1A1+2B2+B3C3+P12A1B2+P13A1C3+P23B2Cs+P123A1B2Cs

Y is predicted response
Bo overall mean
B1, B2, B3 effect coefficient for the main effect of factor (A, B, C)

B12, P23, P123 effect coefficient for interaction effects of the factors

(4.4)

(4.5)

The effects coefficients of all three factors (i.e. rapid mixing, slow mixing, and polymer

addition) were calculated based on equation (4.4) (Anderson, 2015), and their statistical

significance was evaluated via two-way ANOVA (Tables B. 9-B. 11).
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As such, the factors showed different impacts on the overall coagulation process
quantitatively (magnitude) and qualitatively (positive/ negative). In general, polymer addition (C)
showed a statistical significant effect for the removal of turbidity, TSS and COD which also came
in agreement with experimental observations (Tables B. 9-B. 11). It is noteworthy, the apparent
main effect coefficients of other factors (A, B) are not necessarily reflected on the final responses
due to interaction effects (i.e. AB, AC, BC, etc.). For instance, slow mixing (B) showed a positive
main effect on turbidity removal while rapid mixing (A) showed an insignificant effect (Table B.
9) yet the experimental data revealed that the highest removal was achieved at (+A/-B) and the
lowest at (-A/-B) (Figure 4.2 a). The general model equation incorporated the main and interaction
effect to describe the experimental data properly. Therefore, three model equations were
established to predict the removals of turbidity, TSS and COD (equations 4.6, 4.7, and 4.8). The
factors (A, B or C) should be substituted with (+1) for high level and (1) for low level while
interaction effect (e.g. AB) depend on the sign of parent main effect (e.g. A=-1, B=1, AB=-1).

Turbidity Removal (%) = 67+10.359B+15.910C-7.250AB+9.844AC-7.775BC  (4.6)
TSS Removal (%) = 78-2.936A-5.89B+5.899C-5.11ABC (4.7

COD Removal (%) = 54+14.008A+10.159B+11.360C+5.178 AB -4.108ABC (4.8)

The model equations (equations 4.6, 4.7, and 4.8) were validated by diagnosing residuals to
normal distribution. Therefore, the residuals of all tested model equations appeared to be normally
distributed (Figure B. 2). This supports the assumption of residuals was normally distributed and
independent with a constant variance. By checking the residual of each equation, it was noticed
that a high residual range was observed from turbidity and COD prediction as (20 to -15) and (13

to -21) respectively. In contrast, TSS prediction had a lower residual range (9 to -11). That might
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occur due to significant interaction effects of other tested factors on turbidity and COD which
reflected eventually as overestimation or underestimation (Shah and Pathak, 2010).

In this phase, the low dose of ferrate (0.5 mg/L Fe) with polymer (1.25 mg/L) reduced the
level of TSS from 143 mg/L to 19 mg/L (Figure 4.4) which complied with Alberta guidelines for
surface water discharge (TSS <25 mg/L) (Government of Alberta, 2018). However, the same dose
of ferrate could not achieve the target value for the turbidity level as 8 NTU.
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Figure 4. 4 TSS and turbidity levels achieved by using ferrate 0.5 mg/L Fe with 1.25 mg/L of the
cationic polymer under different mixing conditions compared with Alberta (AB) guidelines for

surface water discharge.

4.3.3  Ferrate as a coagulant aid

Ferrate was explored as a coagulant aid when applied simultaneously with alum (alum/
ferrate) during rapid mixing (treatment train 2, Figure 4. 1). Ferrate doses varied from 1 to 20 mg/L
Fe with a fixed alum dose of 6 mg/L Al which was reported as an optimum dose in another study
by the group (Alameddine et al., 2020). The results revealed that alum alone removed 94%, 84%,

and 76% of turbidity, TSS, and COD, respectively (Figure 4. 5). In contrast, alum/ferrate (ferrate
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doses 1 to 10 mg/L Fe), improved TSS removal by 12.5% on average while no improvement was
observed for the removal of turbidity and COD. Indeed, ferrate can aid alum coagulation by
forming ferric species which may remove colloidal particles via complexation and adsorption (Lim
and Kim, 2010). The benefit of ferrate as a coagulant aid was also reported elsewhere in the ferrate-
ferric chloride system where better removal of suspended solids (+16%) was observed during the
treatment of surface water (ferric chloride = 6.7 mg/L Fe, ferrate=1.68 mg/L Fe, pH= 8, DOC=41
mg/L) (Yu et al., 2016). The authors reported that the induced flocs by ferrate-ferric chloride were

bigger than those generated by single dosing of ferrate or ferric chloride.
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Figure 4. 5: Removal percentages of turbidity, TSS and COD when ferrate (Fe(VI1)) used as a

coagulant aid with alum. Alum dose was fixed at 6 mg/L Al. The number between bracket

indicate ferrate concentration in mg/L Fe.

UVT% was improved from 70.6% at 6 mg/L Al of alum to 72.2% by alum/ferrate with 10
mg/L Fe (Table 4. 2). A previous study also showed that, combining ferrate and polyaluminum

chloride (PACI) improved the removal of humic substances (UVT% used as an indicator) present
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in natural water (DOC=3.38 mg/L, pH = 6-7, ferrate= 2.5 mg/L Fe, PACI=20 mg/L) (Amano et

al., 2018).

Table 4. 2 Average obtained values of pH, UVT% and COD during the simultaneous application

of ferrate and alum.

sample ID pH Turbidity TSS UVT% COD
(NTU) (mg/L) (mg/L)

WWEF? 7.39 74.3 106.7 66.6 278.3
No chemical 7.43 339 38.3 66.4 155.1
Alum® 7.20 4.7 16.7 70.6 65.9
Alum / Fe(VI) 1¢ 7.14 33 2.5 46.5 62.4
Alum / Fe(VI) 5 7.30 4.3 1.7 47.7 63.9
Alum / Fe(VI) 10 7.65 6.7 5.8 72.2 61.9
Alum / Fe(VI) 15 7.97 11.2 0.0 71.6 62.9
Alum / Fe(VI) 20 8.17 16.7 5.0 72.1 63.4

2 wet weather flow sample, ® alum dose fixed at 6 mg/L Al, © ferrate concentration in mg/L Fe

The negligible improvement in turbidity and COD removal with an alum/ferrate dose <10
mg/L Fe and reversal effects at higher dose >10 mg/L Fe of ferrate, might be implied by ferrate-
induced particles and competition of alum and ferrate to particulate COD.

Alum/ferrate integrated process (6 mg/L Al 10 mg/L Fe) reduced ferrate-induced iron
particles in the treated water by 70% approximately with a final concentration of 0.52 mg/L Fe
(Figure 4. 6 a). The reduction of ferrate-induced iron particles by alum might reduce soluble iron
(negatively charge) likely by charge neutralization and sweep flocculation (Duan and Gregory,
2003). As per the Canadian guidelines for drinking water, the acceptable level of iron concentration
should be < 0.6 mg/L (ECCC, 2019c¢). Previous studies had reported the presence of iron particles
but did not propose a method of removal after ferrate addition (Goodwill et al., 2015; Jiang et al.,

2006; Lv et al., 2018; Yuan et al., 2002).
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Zeta potential measurement was performed to understand the behavior of alum and ferrate
in the coagulation processes (Figure 4. 6 b). As such, alum (6 mg/L Al) reduced the negativity of
zeta potential from -17.9 mV (no chemical) to -8.9 mV (Figure 4 b). That might be ascribed to
partial charge neutralization via aluminum hydrolysis products AI(OH)"; and subsequently
adsorption to aluminum hydroxides which may be present at the pH range 7.20 to 7.65 of the tested
samples (Table 4. 2) (Duan and Gregory, 2003). In contrast, ferrate (10 mg/L Fe) addition
increased slightly the negativity of zeta potential from -17.9 mV to -19.93 mV due to the increase

in the level of negatively-charged residual iron particles (Fe(OH)s)(Jiang et al., 2006).
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Figure 4. 6 a) residual iron levels and b) zeta potential levels (mV) for selected dosing condition:
Alum (6 mg/L Al), Alum / Fe(VI) (6 mg/L Al/10 mg/L Fe), and ferrate alone (Fe(VI) (10 mg/L
Fe)

The removal of OP was also measured and alum combined with ferrate (10 mg/L Fe)
removed 100% of OP compared to 92% to 96% by a single application of alum and ferrate (10
mg/L Fe), respectively (Figure 4. 7). Basically, in the iron and aluminum-based coagulants, the
major species involved in phosphorus removal are Fe(OH)", Fe(OH), AIOH**, Al(OH)"; and

Al(OH)3 (Yang et al., 2010). Therefore, the removal of OP was expected to occur via complexation
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of dissolved phosphate species entailed by aluminum phosphate or ferric phosphate precipitates

adsorption and sedimentation (Kralchevska et al., 2016).

Combining alum and ferrate showed a slight improvement in the removal of TSS while no
improvements were observed in the removal of turbidity and COD. Moreover, alum (6 mg/L Al)
and ferrate (10 mg/L Fe) achieved the recommended levels of turbidity (<8 NTU) and TSS (< 25
mg/L) as per Alberta guidelines for surface water discharge (Government of Alberta, 2018). In
fact, alum and ferrate combination might become more feasible especially for the wastewater

treatment during WWF if the ferrate disinfection effect was considered as discussed in section

4.3.5
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Figure 4. 7 OP % removal for selected dosing condition: Alum (6 mg/L Al), Alum / Fe(VI) (6
mg/L Al/10 mg/L Fe), and ferrate alone (Fe(VI) (10 mg/L Fe).

4.3.4  Settling time optimization

The settling time was optimized for the optimum doses of ferrate as a coagulant (ferrate 0.5
mg/L, polymer 1.25 mg/L) and ferrate as a coagulant aid (ferrate 10 mg/L Fe, alum 6 mg/L Al)
based on turbidity measurement. Turbidity was selected as an indicator for settling time
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optimization as it correlated properly with other parameters such as TSS and COD (Alameddine
et al., 2020). The results revealed that by the end of slow mixing the turbidity was reduced from
87 to 32 (NTU) for ferrate as a coagulant while minor reduction (98 to 92 NTU) was observed
when ferrate used as coagulant aid at the same time (Figure 4. 8). The major reduction of turbidity
was observed after 10 min settling time (21 minutes of treatment) and reached 8 and 4 NTU when
ferrate was used as a coagulant and a coagulant aid respectively. That was expected because the
flocs size and growth rate for both ferrate and alum achieved a plateau within 5 to 10 minutes thus
a considerable turbidity reduction was observed afterward (Rong et al., 2013; Yu et al., 2016). At
20 minutes of settling time (31 minutes of treatment), turbidity dropped to 8.4 and 1.8 NTU when
ferrate was used as a coagulant and a coagulant aid respectively. By observing the turbidity level
after 40 to 60 minutes, there was no considerable reduction in turbidity levels. Based on these
observations, the optimized settling time was fixed for 20 minutes. In addition, the optimized
settling time for the alum/ferrate process also achieved the target turbidity level (< 8 NTU) as per

Alberta guidelines for surface water discharge (Government of Alberta, 2018).
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Figure 4. 8 Turbidity change (Y-axis) over time (X-axis) for using ferrate as a coagulant denoted
as Fe(VI)/Polymer and ferrate as coagulant aid denoted as alum/Fe(VI). The numbers between

the brackets indicate the concentration in mg/L.

4.3.5 Ferrate disinfection performance

This section presents the performance of ferrate as a disinfectant throughout the three
different treatment trains: ferrate alone as a coagulant (train 1), ferrate used as a coagulant aid with
alum (train 2) and ferrate applied after coagulation/flocculation/settling (train 3) (Figure 4. 1). The
total contact time was selected to be 31 minutes based on the findings in section 4.3.4. The initial
concentration of E. coli was 2.97x10° + 0.40x10° (CFU/100 mL). Figure 4. 9 a depicted the
performance of ferrate as a disinfectant at the aforementioned dosing points. To achieve similar
inactivation (2.1-log removal) of E. coli, 8 mg/L. Fe of ferrate was required when used as a
coagulant compared to only 1 mg/L. Fe of ferrate as a coagulant aid with alum. That can be
attributed to the effective alum reduction of background demand (organic matter, ammonia,

phosphorus, etc.) thus increasing ferrate availability for E. coli inactivation (Barbeau et al., 2005).
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Of note, comparable inactivation levels were achieved by using ferrate either as a coagulant aid
(combined with alum) or as a disinfectant (after coagulation/flocculation /sedimentation). For
example, ferrate (8 mg/L Fe) as a coagulant aid achieved 3.5-log removal (~ 0.8 log removal
contributed by alum) compared to 3-log removals when used only as a disinfectant. These findings
have a very important implementation in the full-scale practice  where
coagulation/flocculation/disinfection is initiated at a single unit without compromising the target
treatment level.

The findings of this study were consistent with those of previous studies using WWF
wastewaters. As such, 7 mg/L Fe of ferrate inactivated 2-log of E. coli presented in WWF sample
(Elnakar and Buchanan, 2019). To achieve 3-log removal of E. coli in WWF sample within 30
minutes, 12 to 24 mg/L of performic acid were required (Tondera et al., 2016). In simulated WWF
sample, high UV-doses of 214.1 to 428.7 mJ cm™' were applied to achieve 2.2+2 log removal of
E. coli while 8.4 to 12.8 mg/L of ozone was required to achieve 3.4 + 2.1 log removal within 15
min (Tondera et al., 2015). Indeed, ferrate (10 mg/L Fe) with alum (6 mg/L Al) as coagulant aid
removed > 5-log of E. coli within 31 minutes which complied with Alberta guidelines for surface
water quality discharge (E. coli < 100 CFU/100 mL) (Government of Alberta, 2018). As such,
ferrate might be proposed as an effective approach for treating the wastewater during WWF
condition.

It is hypothesized that the protonated species of ferrate (HxFeO4) are more reactive and
predominantly available at acidic pH < 7.3 (pK.,=7.3) (Cho et al., 2006). As such, ferrate
disinfection performance was evaluated at two different pH values (6 and 7.3) for practical
implementation. In this study, no remarkable change in the inactivation level was noticed within

the tested pH values (6 and 7.3). For instance, ferrate (8§ mg/L Fe) had achieved 2.6 log removal
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of E. coli at pH=6 compared to 3.5 log removal at pH= 7.3 and similar inactivation level at higher
doses (Figure 4. 9, b). A similar observation was also reported where the change of pH from 9 to
6 caused an insignificant change in ferrate inactivation of sewer biofilm (Yan et al., 2020). The
authors ascribed that to the corresponding narrow change in the fraction of HFeO4™ (0.4% to 5%).
However, another study showed that, by changing the pH from 7.5 to 5.5, the required dose of
ferrate to achieve the same level of E. coli inactivation was reduced by one-third (Jiang et al.,
2007). Therefore, for practical implementation, it is not feasible to lower the pH (strong acidic
condition <5.5) to achieve the target inactivation level. Alternatively, increasing the ferrate dose
might be more favorable to achieve the target level of inactivation and comply with the required

pH (6.5 to 9) of the treated effluent wastewater (Government of Alberta, 2018).
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Figure 4. 9 a) The effect of dosing points on the E. coli removal by ferrate when used as
coagulant/disinfectant injected alone, as coagulant aid/disinfectant injected with alum and as a
disinfectant injected after coagulation/flocculation/sedimentation b) pH impact (original sample

pH = 7.3 and adjusted pH = 6) when ferrate as a disinfectant.

4.4 Conclusions

The main objective of this study was to investigate the use of ferrate as a coagulant, coagulant
aid, and disinfectant for enhanced primary treatment during wet weather flow. A two-level
factorial design was used to optimize ferrate dose, polymer addition, and mixing conditions
(rapid/slow). The experimental data showed that ferrate as a coagulant, applied with a cationic

polymer (1.25 mg/L), achieved the best removals of turbidity, TSS and, COD at a low dose (0.5
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mg/L Fe) at the high level of rapid mixing. ANOVA revealed that polymer addition and slow
mixing had significant effects on the removal of turbidity, TSS and COD. General linear model
equations were established and showed acceptable adequacy of fitting the obtained data to predict
the removals. Ferrate applied as a coagulant at optimized conditions (ferrate dose =0.5 mg/L Fe,
polymer dose=1.25 mg/L, high level of rapid mixing/low level of slow mixing) achieved the target
level of TSS <25 mg/L but failed to reduce turbidity level to <8 NTU Alum outperformed ferrate
in the removal of turbidity and TSS when both were tested under similar conditions.

For the first time, this study explored ferrate as a coagulant aid with alum for treating the
wastewater during WWF condition. The optimum dose of ferrate as 10 mg/L Fe was applied with
6 mg/L Al. At the optimum dose of alum/ferrate, the levels of TSS and turbidity and ferrate-
induced iron particles were reduced and complied with the Alberta guidelines for surface water
quality discharge.

The role of ferrate for disinfection was evaluated at three dosing points: first, added as a coagulant
to raw WWF sample; second added as a coagulant aid with alum to raw WWF sample and third,
added as a disinfectant to the primary effluent (after coagulation/flocculation/settling). A ferrate
dose of 8 mg/L Fe achieved 2.1-log removal of E. coli when applied as a coagulant, 3.5-log
removal when applied as a coagulant aid, and 3-log removal when applied as a disinfectant to the
primary effluent.

In conclusion, this study found that using ferrate as a coagulant aid as a one-step treatment is a
novel and effective approach for the enhanced primary treatment of wastewater during WWF
conditions achieving the target level of TSS, turbidity, iron residual and E.coli removal

collectively within 31 minutes.
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Chapter 5: Ferrate as a Potential Disinfectant for Enhanced Primary
Treatment Effluent during Wet Weather Flow Condition: Kinetic Study,
Mode of Action, Hydrogen Peroxide in-situ Production and Toxicity Analysis

5.1 Introduction

Wastewater discharge during wet weather flow (WWF) could significantly increase the
microbial and contaminant loads (organic and inorganic) in the receiving surface water bodies
(Marsalek and Rochfort, 2004; Wojtenko et al., 2001). For instance, in cold country like Canada,
snowmelt along with wet weather runoff contaminate significantly drinking water sources with
micropollutants (e.g. carbamazepine, caffeine and acetaminophen) and microorganisms (e.g.
Escherichia coli (E. coli)) (Madoux-Humery et al., 2013). Moreover, WWF proved to increase the
levels of total coliform and pathogenic species (Giardia, Cryptosporidium,
Enterocytozoon bieneusi) in surface water (Huang et al., 2017; Rechenburg et al., 2006).
Therefore, to protect the aquatic lives and end-users during WWF, effective treatments are required
for microbial inactivation. Numerous techniques are used for microbial reduction such as ultra-
membrane filtration (UF), ultraviolet radiation (UV), chemical disinfection (e.g. ozonation,
chlorination). UF and UV are not suitable for WWF wastewater treatment due to high solids
contents in the water resulting in membrane fouling and impairing UV absorbance (Li et al., 2017b;
Zondervan and Roffel, 2007). While ozone and chlorine are powerful disinfectants, they may
generate regulated disinfection by-products (DBPs) such as trihalomethane, chlorate and bromate
(Chhetri et al., 2014; Jessen et al., 2008; Lee et al., 2016). In the past decades, ferrate has emerged
as a potential alternative disinfectant used for water and wastewater treatment (Cho et al., 2006;
Fan et al., 2018; Ghernaout and Naceur, 2011). Ferrate is subjected to step-wise self-decay
reactions and form reactive intermediate species (Fe (V), Fe(IV), radical species (‘OH, O2*),

hydrogen peroxide which may contribute in oxidation and disinfection process (Cho et al., 2006;
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Jiang et al., 2006; Lee et al., 2014). Several studies demonstrated that ferrate effectively inactivated
total coliform, fecal coliform, and E. coli in drinking water and municipal wastewater (Cho et al.,
2006; Jessen et al., 2008; Kwon et al., 2014). In addition, there has been evidence on the effect of
ferrate for the removal of DBPs precursors (e.g. natural organic matter and bromide,
cyanobacteria), which may give an advantage for ferrate over chlorine and ozone (Dong et al.,
2019; Fan et al., 2018; Jiang et al., 2016; Makky et al., 2011). However, there have been limited
studies (Gandhi et al., 2014; Elnakar and Buchanan, 2019) on ferrate as an alternative
disinfectant/coagulant for WWF wastewater treatment.

The disinfection kinetic of ferrate were mostly studied in clean water matrices (Cho et al.,
2006; Fan et al., 2018; Hu et al., 2012b; Jessen et al., 2008; Jiang et al., 2007; Makky et al., 2011)
and to a lesser extent in real wastewater (Elnakar and Buchanan, 2019; Fan et al., 2018; Kwon et
al., 2014; Manoli et al., 2020). The impact of temperature on ferrate inactivation kinetic was
studied previously using Bacillus subtilis spores (Makky et al., 2011) or Bacteriophage MS2 (Hu
et al., 2012b). However, no study evaluated temperature effect on inactivation of fecal indicator
bacteria by ferrate. Such a study is important for a better understanding of the efficacy of ferrate
for wastewater treatment during WWF occurring under different temperatures.

This study aimed to evaluate ferrate as an alternative disinfectant for the enhanced primary
treatment (EPT) effluent during WWF. Disinfection kinetic experiments were performed, and the
effect of temperature was assessed. E. coli was used as an indicator for the bacterial inactivation.
Three different kinetic models were examined, namely Chick-Watson, Hom and Collins-Selleck
and their adequacies were examined by comparing the measured inactivation levels versus the
predicted values and obtaining the adjusted R? (includes only variables which improve the

prediction of regression model). Moreover, flow cytometry analysis was conducted to propose a
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mode of action for ferrate during E. coli inactivation by evaluating membrane integrity and DNA
damage. Nonetheless, this study shed the light on the potential benefits of in-situ produced
hydrogen peroxide and acute toxicity of ferrate treated samples using vibrio fischeri bioassay.
Ultimately, this work provided vital information about the behaviors of ferrate as a disinfectant

and gave a better understanding to scale-up its application.

5.2 Materials and method

5.2.1 Sampling and jar test

Primary influent wastewater samples were collected from a wastewater treatment plant
(WWTP) located in Alberta. The samples were diluted by deionized (DI) water (to the ratio 1:1)
to mimic the condition of WWF. They were then treated with alum (75 mg/L) using a Jar tester
(PB-700™ JARTESTER (PHIPPS&BIRD™) with rapid mixing at 150 rpm (rotations per minute)
for 1 minute and slow mixing at 15 rpm for 10 minutes followed by settling for 20 minutes. The
wastewater characteristics are presented in Table 1. Samples were collected from the supernatant
and transferred to a beaker (2 L) for the kinetic study. The beaker was provided with a magnetic
stirrer to maintain a sufficient dispersion of ferrate during the experiment. A ferrate stock solution
(purity >76%) was freshly prepared in potassium hydroxide (KOH) solution at pH= 9 before each

run and was used within 30 minutes to minimize the effect of self-decomposing.
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Table 5. 1 Water quality parameters average values + standard deviation of enhanced primary

treatment effluent during wet weather flow used for disinfection kinetic study

Parameter Values
pH 721+£0.2
Turbidity (NTU) 8.97+0.7
COD (mg/L) 49.16 +23.8
UVT % 74.94+6.93
OP (mg/L) 2.15+0.1

E. coli (MPN/100mL)  2.1x10*+ 9.3 x10°

5.2.2  Measurement of time-dependent ferrate concentration

The concentration of ferrate stock solution was obtained by the direct spectrophotometric
method according to which the absorbance was measured at 510 nm using Genesys 10S UV—vis.
spectrophotometer (Thermo Scientific) and divided by a coefficient of absorptivity (1150 M!cm’
"(Hernandez et al., 2017). Three doses of ferrate (5, 8 and 10 mg/L Fe) were used to evaluate the
dose-effect on inactivation of E. coli. Throughout each run, two sets of samples were collected at
pre-determined time intervals the first set was used to measure ferrate residual and the second set
for E. coli quantification. Ferrate residual concentration was determined by using 2,2-azino-bis(3-
ethylbenzothiazoline-6sulfonate (ABTS) spectrophotometric method (detection range 0.00168 to
1.96 mg/L Fe) with molar absorptivity of 34000 M'cm™ at 415 nm. ABTS reacted with ferrate
rapidly (t12=0.1 s) and form green radical cation (ABTS<") which is very stable for several hours
(10 hr) (Lee et al., 2005). The measurement accuracy was verified by comparing the results of the
ABTS method with those of the direct spectrophotometric method. Ferrate concentration was
calculated using equation 1 below (Luo et al., 2011).

[FerrateJsample=A415V final / €Vsample (5.1)
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Where A4;sis the absorbance at 415 nm, Visinal is the final volume after addition all solutions
(ABTS reagent, ABTS buffer, DI water and sample), € is molar absorptivity (3.4 = 0.05) x 10* M~
lem™ and Viample is actual sample volume before adding ABTS reagents and DI water.

The preparation of all chemicals for the ABTS method was carried out based on the described
method by Lee and the co-authors (Lee et al., 2005). Briefly, ABTS reagent stock solution was
prepared by dissolving 1 g of diammonium-ABTS salt (Aldrich) into 1 liter of deionized (DI) water
to produce a final concentration of 1.82 mM which then stored at 4 °C. The ABTS buffer (all
chemicals were purchased from Fisher Scientific) of pH 4.1 was prepared by adding 34.3 mL of
acetic acid (CH3COOH), 6.9 g of sodium dihydrogen phosphate monohydrate (NaH,PO4.H>O)
and 26.7 g of disodium monohydrogen phosphate dihydrate (Na2HPO4.2H>0) into 1 liter of DI to

produce 0.6 M of acetate and 0.2 M phosphate solution.

5.2.3 E. coli quantification

IDEXX"™ method was used for E. coli quantification throughout this study. All accessories
for the quantification was purchased from IDEXX™". The sample was collected in sterilized plastic
vessels (100 mL) provided with sodium thiosulfate to quench residual ferrate. They were topped
by DI water as per the required dilution factor and transferred to quanti-tray plates (Quaniti-
Tray®/2000). After, the incubation period (18 hr at 35+0.5 °C), blue fluorescing wells (exposed to
6-watt fluorescent UV lamp at 365 nm) were counted as positive and accordingly most probable
number (MPN) was obtained. To investigate the effect of temperature, one set of experiments were
conducted at room temperature (19 °C) and another at 9 °C in a temperature-controlled room. All

experiments were conducted in duplicates and average results were reported.
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5.2.4 Inactivation kinetic modelling

In this study, the inactivation of E. coli by ferrate was described by three different models
namely: Chick-Watson, Hom and Collins-Selleck which were used successfully to describe the
inactivation of total coliform, fecal coliform and E. coli (Cho et al., 2006, Gyurek and Finch, 1998;
Henao et al., 2018; Najm, 2006). Chick-Watson model assumes a linear correlation of log
reduction and time (equation 5.2). The dose coefficient (n) expresses the concentration importance
relative to time thus n>1 indicates that concentration is more important than time to cause the
inactivation (Ganguly et al., 2018). The disinfection rate constant (k) and n are calculated by linear

regression (Lambert et al., 1999):

N
—_ = — n
log (No) kC"t (5.2)

Where; N survival bacteria at any time, No= initial population of bacteria, & is inactivation rate
constant (L/(mg.min)), C is the disinfectant concentration (mg/L), n is dilution factor and t is

contact time (minute)

Hom model (equation 5.3) accounts for non-linear correlation of log reduction versus time
by modifying equation 5.2 and incorporating a time coefficient (h) in which h>1 indicates the
presence of shoulder and h<I indicates tailing-off effect (Haas and Karra, 1984).

N my4h
log (N—) = —kC™Mt (5.3)
0

The values of k, m and h were obtained by using multiple linear regression analysis and setting
log (-log N/N,) as the dependent variable while log C and log t as an independent variable (Lambert

et al., 1999).
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Collins-Selleck model (equation 5.4,) was used to account for initial lag and deceleration in
the inactivation process. It was found to fit properly the bacterial inactivation kinetics data using
different disinfectants (e.g. chlorine, peracetic acid, ozone) with d as an empirical coefficient
(unitless) and k as the lag coefficient (mg min/L) (Gyurek and Finch, 1998; Haas and Karra, 1984).
Collins-Selleck model accounts for initial lag at Ct> k indicates the lag presence (equation 5.4 =

0) and k> Ct expressed by equation 5.4 (Hassaballah et al., 2019).

log(y) = ~d log(5) (5:4)

5.2.5 Flow Cytometry (FCM) Analysis

Flow cytometry (FCM) analysis was conducted with double staining method (SYBR Green
I (SGI), propidium iodide (PPI)) to evaluate the bacterial cell viability and membrane and DNA
damage after ferrate treatment. SGI can bind with DNA of bacteria with an intact or damaged cell
membrane (Berney et al., 2006; Lee et al., 2016). By contrast, PPI binds only with the DNA of
bacterial cells with a damaged membrane (i.e. dead cell) (Berney et al., 2008b). Moreover, when
both dyes are combined (SGI/PPI), a distinct pattern of membrane integrity and cell viability can
be seen under given conditions (Berney et al., 2007). This method was used previously to identify
the membrane integrity and cell viability of E. coli, bacillus subtilis, and heterotrophic bacteria in
pure, fresh and marine water matrices (Barbesti et al., 2000; Gregori et al., 2001; Ramseier et al.,
2011). As such, a lab-cultured bacteria E. coli strain (ATCC25922) (purchased from ATCC) was
spiked into phosphate-buffer solution (25 mM, pH=7.2) to mimic the alkaline medium of real
wastewater samples. The presence of E. coli in the control sample (ferrate =0 mg/L Fe) was
verified using the IDEXX™ method and the initial concentration was 1.09 x 10* (MPN/ 100 mL).
Samples were treated with different doses of ferrate: 1, 3 and 5 mg/L Fe for 20 minutes of contact

time. The staining procedures for FCM analysis were performed according to the method described
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previously (Berney et al., 2008a; Lee et al., 2016). Briefly, a working solution of SYBR® Green I
(SGI) (Sigma-Aldrich) was prepared by diluting the SGI (10,000 x DMSO) 100-fold using
anhydrous dimethyl sulfoxide (DMSO). A mixture of SGI and propidium iodide (PPI) was
prepared by mixing the SGI working solution with a 1.5 mM PPI (Sigma-Aldrich, 1g/L with
MW=668.39 g/mole) to a final PPI concentration of 0.6 mM. All working solutions of dyes (SGI
and SGI/PPI mixture) were stored in dark at -20 °C until use. Every 1 ml of sample was stained
with 10 pL of SGI or SGI/PPI. Before FCM analysis, the samples were incubated in a dark
environment for 15 min. FCM was conducted using (BD LRSFortess™ X-20 Flow Cytometer)

where the red fluorescence collected at 586 nm and green fluorescence collected at 530 nm.

5.2.6  Hydrogen peroxide quantification and acute toxicity analysis

The measurement of hydrogen peroxide was conducted by using the spectrophotometric
method. Titanium oxysulfate was added to the sample (2 mL of sample + 0.2 mL of titanium
oxysulfate) which instantaneously form a yellow complex and absorbance intensity measured at
410 nm and compared with the calibration curve. Absorbance was measured using Genesys 10S
UV-—vis. spectrophotometer (Thermo Scientific).

Acute toxicity was evaluated by Microtox® 500 Analyzer (Azur Environmental, Carlsbad,
USA) and 81.9% screen test protocol was followed. The bioluminescence indicator was vibrio
fischeri which reconstituted and inoculated into tested samples. The change in the luminescence
was measured after 15 minutes of incubation. The inhibition percentage was calculated with

reference to the control sample.
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5.3 Results and Discussion

5.3.1 Dose and temperature effect on ferrate-decay and the bacterial inactivation

E. coli inactivation was tested using different doses of ferrate (5, 8 and 10 mg/L Fe) under
different temperatures (9 and 19 °C) at a fixed contact time of 20 (Figure 5. 1, a and b). The
decomposition of ferrate was observed under different temperatures and the stability of ferrate
reduced with temperature increment (Figure 5. 1, a and b). As such, at a lower temperature (9 °C)
after 3 minutes, lower consumption of ferrate doses 5, 8 and 10 mg/L Fe were observed as 88%,
74% and 73% respectively (Figure 5.1 a). In contrast, at a higher temperature (19 °C) after 3
minutes, higher consumption of ferrate doses 5, 8 and 10 mg/L Fe were observed as 94%, 88%
and 78% respectively (Figure 5.1, b).

The effect of ferrate dose and temperature on the level of E. coli inactivation is presented in
Figure 5. 1 c and d. Both ferrate dose and temperature affected bacterial inactivation positively. In
specific, by increasing the ferrate dose from 5 to 10 mg/L Fe, the inactivation levels increased
from less than 2 log removal to more than 3.5 log removals regardless of the temperature.
Likewise, by increasing the temperature from 9 °C to 19 °C, the inactivation level corresponding
to ferrate doses 8 and 10 mg/L Fe increased by 0.5 log removal. This was confirmed by using
statistical analysis using ANOVA that showed that, both dose level and temperature have
significant effects on inactivation levels (Table C. 1). Previous studies also reported that the level
of inactivation increased by increasing temperatures during the inactivation of Bacteriophage MS2
(virus) and bacillus subtilis spores (protozoa indicator) using ferrate(Hu et al., 2012b; Makky et

al., 2011).
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Figure 5. 1 Ferrate degradation (5,8 and 10 mg/L Fe): a) temperature 9 °C, b) temperature 19 °C
and E. coli inactivation : c) temperature 9 °C, d) temperature 19 °C during disinfection kinetic
experiments (20 minutes contact time) treating effluent of enhanced primary treatment during

wet weather flow.

The contact time is a very important factor for the disinfection process: under lower
temperature longer contact time is required to achieve higher inactivation levels (Figure 5. 2 a and
b). Therefore, at a lower temperature (9 °C) by increasing the contact time from 3 minutes to 10
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minutes the log removal increased from 2.4 to 3.7 corresponding to 10 mg/L Fe of ferrate (Figure

5.2, ).

The water matrix has significant impacts on the efficacy of the used disinfectant. As such,
using EPT effluent during WWF condition (COD= 49 mg/L Fe, ferrate= 8 mg/L Fe, 19 °C), 3.6
log removal was achieved in this study, compared to 2 log removal achieved in raw WWF
wastewater (COD= 623 mg/L, ferrate 7 mg/L Fe, 25+1 °C) (Elnakar and Buchanan, 2019) within
approximately 20 minutes of contact time in both studies. Other studies showed that lower ferrate
doses (4 to 6.25 mg/L Fe) achieved > 3 log removal of E. coli suspended in a buffered solution
with a contact time that varied between 1 and 30 minutes (Cho et al., 2006; Jiang et al., 2007). The
aforementioned discrepancies in the performance of ferrate can be attributed to the differences in
the experimental condition (i.e. wastewater matrices, pH, and the initial microbial concentration

and ferrate dose level).
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Figure 5. 2 Effect of contact time on log removal level under two different temperatures (19 °C
and 9 °C): a) 3 minutes contact time, b) 10 minutes contact time treating effluent of enhanced

primary treatment during wet weather flow.
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5.3.2  Kinetic modeling of ferrate-decay

Figure 5. 3 (a to f) shows the kinetic modeling of ferrate-decay corresponding to different
doses 5, 8 and 10 mg/L Fe under two different temperatures: 9 and 19 °C. The obtained data fit
properly into a second-order kinetic model with high R? (0.98-0.99) for all tested ferrate doses (5,
8, and 10 mg/L Fe). Other studies also reported that the second-order kinetic model fits properly
the ferrate-decay during bacterial inactivation (Cho et al., 2006; Elnakar and Buchanan, 2019).
The ferrate-decay rate constant obtained in this study was 0.98 (L/(mg.min)) for ferrate dose of 5
mg/L was comparable to that reported in secondary effluent as 1.571(L/(mg.min)) (pH=7.5,
COD=31.5 mg/L)(Zheng and Deng, 2016). Of note, the reported rate constants in phosphate-
buffered solutions (0.102 to 0.135 (L/(mg.min) (Cho et al., 2006; Hu et al., 2012b) were lower
than those obtained in real wastewater matrices (EPT effluent (this study), secondary effluent
Zheng and Deng (2016)). That may ascribe to the phosphate complexation with ferric species
which proved to inhibit ferrate-decay (Jiang et al., 2015). Temperature showed insignificant effects
on the obtained ferrate-decay rate constants and that was further supported by ANOVA findings
(Table C. 2). For instance, ferrate rate constant for dose of 10 mg/L Fe was 0.1525 (L/(mg.min))
at 19 °C which dropped slightly to 0.1395 (L/(mg.min)) at lower temperature (9 °C). Similarly, in
a previous study, it was also reported that ferrate-decay rate constant slightly change with
temperature (5 to 30 °C) (e.g. k1o °c= 0.073, k20 °.c =0.083 (L/(mg.min)) (Hu et al., 2012b). In
principle, the increase in temperature was expected to increase the collision energy of reactant
molecules thus increase the rate constant (Laidler, 1984). Ferrate- rate constant showed
independency of temperature, which might be ascribed to lower steric factor (effective
collision/total collision) (Yao and Haag, 1991). In fact, verification of this hypothesis is not in the

scope of this study and an in-depth study might be required to uncover this concept. The half-lives
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corresponding to the ferrate-decay rate constants were calculated and depicted in Table C. 3. In
general, the half-lives of ferrate were inversely correlated with temperature thus at the higher
temperature, a lower half-life was obtained and vice versa. The half-life might also be affected by
the pH of the solution: at pH of 7.2, the half-life of ferrate found to be 17 minutes whereas at pH
8.2 it was 190 min during inactivation of murine norovirus tested in phosphate buffer solution (10

mM) (ferrate =1.05-1.16 mg/L Fe, No=917-935 PFU/mL ) (Manoli et al., 2020).
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Figure 5. 3 Ferrate decay follows second order during E. coli inactivation presented in effluent of
enhanced primary treatment during wet weather flow for different doses of ferrate and
temperatures: ferrate dose 5 mg/L Fe; a) temperature 9 °C and b) temperature 19 °C; ferrate
dose 8 mg/L Fe; ¢) temperature 9 °C and d) temperature 19 °C; ferrate dose 10 mg/L Fe; e)
temperature 9 °C and f) temperature 19 °C.
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5.3.3 E. coliinactivation kinetic modeling

The tested models could successfully describe the obtained data in the following order:
Chick-Watson ~ Hom > Collins-Selleck model with adjusted R?> >0.94 (Table 5.2). All three
models were validated by comparing the measured inactivation levels with the predicted levels
(Figure 5. 4). The goodness of fit test (based on the Anderson-Darling test) showed that the
differences between the measured and the predicted data were normally distributed (Table C 4).
In this study, ferrate-decay was predicted by the second-order kinetic model and based on that the
instantaneous concentration of ferrate was included in the used disinfection kinetic models. The
obtained data showed that there was no lag-phase in the ferrate disinfection of E. coli and that
depicted in Figure 5. 4. That indeed came in agreement with findings of other studies when ferrate
was applied to different water matrices for inactivating total coliform, fecal coliform, E. coli and
Bacteriophage MS2 (buffered solution, secondary effluent and saline water) (Cho et al., 2006; Hu
et al., 2012a; Kwon et al., 2014). Of note, the Collins-Selleck model obtained the lowest adjusted
R? compared to the other tested models because it showed lag-phase (Figure 5.4, circled by red
line) which makes it deviated from the measured data. The tailing-off became more significant as
ferrate dose decreased under both temperatures, yet the used models fitted the obtained data
adequately (Figure 5. 4). Different hypotheses might explain the presence of tailing-off. Firstly,
the decrease in the biocidal effect of the disinfectant, which became more obvious with lower
initial dose and lower temperature (Figures 5. 3 and 5. 4). It was also suggested that tailing-off
might be related to shielding effect of microbial clumping which provide protection from
disinfectant (Campo et al., 2020; Liang et al., 2013). Moreover, the ability of microorganism to
change their properties and developing resistance potency might also explain tailing effect

(Sigstam et al., 2014).
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In this study, the E. coli inactivation rate constant (k) was 1.328 (L/(mg.min)) (Chick-
Watson, 19 °C, ferrate= 5 mg/L) which was higher than that reported in saline water &= 0.39
(L/(mg.min)) (pH= 8, ferrate=0.25 to 5 mg/L Fe, No= 1x10” MPN/ml) (Jessen et al., 2008) or in
phosphate buffer solution as 0.625 (L/(mg.min)) (pH=7.2, ferrate dose=1.4-6.25 mg/L Fe, No= 4
x 10° to 1x10° CFU/ mL) (Cho et al., 2006). Similar observation was reported in a previous study
in which ferrate achieved higher inactivation rate constant (2 times higher) in secondary effluent
compared to that achieved in phosphate buffer solution (Manoli et al., 2020). That might be
attributed to the inhibition impact of buffer solution (e.g. phosphate) on the ferrate-decomposition
and formation of reactive species (Fe(V), Fe(IV)) thus reduced ferrate reactivity (i.e. lower k)
(Jiang et al., 2015; Wang et al., 2016). In this study, the calculated lag coefficient (k) based on
Collins-Selleck model was 0.54 (mg.min/L) (ferrate = 5 mg/L at 19°C) compared to 1.1(mg.min/L)
when peracetic acid (PAA) used in secondary effluent (PAA=2 to 6 mg/L, No=10* to 10° CFU/100
mL, pH=7.1, TOC=13 mg/L) (Hassaballah et al., 2019). Indeed, a higher lag coefficient indicates
a weaker disinfectant. The efficiency of the disinfection process depends on the targeted
microorganism, water matrix, physiochemical properties of the disinfectant (Li et al., 2017a). A
summary of different inactivation kinetic studies corresponding to ferrate and other disinfectants
were presented in Table C. 5. In general ferrate showed a better performance than other
disinfectants such as peracetic acid and performic acid (Campo et al., 2020) and comparable
performance with chlorine (Owoseni et al., 2017). Ozone surpassed ferrate and achieved higher
inactivation rate of E. coli (1.92 x 103 (L/(mg.min)) (Czekalski et al., 2016) and bacillus subtilis
spores (0.9 (L/(mg.min)) (Makky et al., 2011). Table 5. 3 summarizes the predicted CT (mg/L.
min) based on the Chick-Watson model to achieve 1-4 log removal of E. coli by ferrate (this study)

and compared to that achieved by other disinfectants (ozone, performic acid (PFA), peracetic acid
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(PAA) and free chlorine). It was clear that ozone outperformed other disinfectants by achieving

the target log removal with lower CT values. For example, ozone achieved 3-log removal with CT

value of 0.0016 mg/L. min while CT should be 4 mg/L. min by ferrate and > 12 mg/L. min by

other disinfectants. As per the summarized studies the effectiveness of disinfectant came in order

from O3>Fe(VI)> PFA ~ chlorine> PAA. That being stated, ferrate might be considered as a

promising disinfectant because of its outstanding performance and benign impacts on the

environment (i.e. no DBPs) (Hu et al., 2018).

Table 5. 2 summary of the three tested disinfection models with corresponding parameters and

R? obtained for different doses under different temperatures

Parameter / Model

Ferrate dose mg/L Fe 5 10
Temperature °C 9°C 19°C 9°C 19°C 9°C 19
Ferrate-decay rate k' 0.58 0.98 0.2 0.26 0.14 0.15
constant (L/(mg.min))
Chick-Watson n 1.01 0.89 0.94 1.04 0.72 1.12
k 1.04 1.33 0.61 1 0.46 0.7
(L/(mg.min))
Adjusted R? >0.99 >0.99 >0.99 >0.99 0.95 >0.99
Hom m 1.03 2.76 1.21 0.85 2.66 0.85
h 1.02 2.73 1.22 0.84 2.66 0.79
k 1.03 1.85 0.45 1.2 0.02 1.02
(L/(mg.min))
Adjusted R? 096  >0.99  0.98 0.98 0.98 0.97
Collins-Selleck d 2.97 6.85 591 5.08 13.12 4.56
k 0.45 0.56 1.48 0.75 3.64 0.76
((mg.min)/L)
Adjusted R? 0.96 0.98 0.94 0.97 0.94 0.95
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Figure 5. 4 Comparisons between measured and predicted log removal using three models
Chick-Watson, Hom and Collins-Selleck models for different doses of ferrate: 5 mg/L Fe (a, b),
8 mg/L Fe (b, ¢) and 10 mg/L Fe for (e, f) and different temperatures 19 °C (left side of figure)
and 9 °C (right side of the figure).
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Table 5. 3 CT values predicted by Chick-Watson model required for 1,2,3 and 4-log removal of
E. coli by Fe(VI) (in enhanced primary effluent) compared to those by ozone (O3), performic

acid, peracetic acid (PAA) and free chlorine in municipal secondary effluent wastewater.

Disinfectant CT(mg/L.min)
Reference

I-log  2-log 3-log  4-log
Fe (VD) 1.4 2.6 3.8 4.9 Current study
0s 0.0005 0.001 0.0016 0.0021 (Czekalski et al., 2016)
PFA 7 12 12 15 (Campo et al., 2020)
PAA 45 50 70 75 (Campo et al., 2020)
Chlorine 6 11 17 22 (Owoseni et al., 2017)

5.3.4 Temperature effect on inactivation rate constants
The temperature impact on the rate constant was described by the Arrhenius equation (5.5)
which hypothesized that any major increment in temperature (exceeding the activation energy)

will increase available energy for collision in the system and thus reaction rate (Li et al., 2001).

=Ae™ R (5.5)

Where £ is the rate constant, A is the frequency factor, Ea is the activation energy (J/mol), R is

the universal gas constant (8.31 J/(mol.k)) and T is the temperature in kelvin.

In this study the average activation energy based on obtained rate constants using the
Chick-Watson model found to be 27£10 (kJ/mol) as compared to other studies: 39+6 (kJ/mol) and
67 (kJ/mol) related to bacteriophage M2S and bacillus subtill spore inactivation respectively (Hu
et al., 2012a; Makky et al., 2011). In particular, the effects of temperature change can be expressed
by a fraction of molecules (e **RT) that have an energy equal to or more than the activation energy
in the system (Laidler, 1984; Lambert, 2003). Based on that notion every increment of 10 °C would
cause ~1.5 increment in the rate constant in this study. That came in agreement with the obtained

k of this study (e.g. k19 c, Fe(v=8 =1.0, ko c, Fe(vi=8 =0.61 mg/Lmin) (Table 5. 2). The observed
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increment in the inactivation rate constant was statistically insignificant as per ANOVA (Table C.
6). That might be ascribed to the low dependence of ferrate-decay rate constant on temperature
(Table C. 2). The effect of temperature on the rate of inactivation might vary depending on the
target microorganism and used disinfectant. As such ferrate-inactivation rate constant of
bacteriophage MS2 and bacillus subtilis spores increased twice by an increment of everyl3 °C
and 10 °C of temperature respectively (Hu et al., 2018; Makky et al., 2011). In contrast, in another
study it was found that a temperature change by 10 °C caused 2.5 increments on the inactivation

rate of Cryptosporidium parvum oocysts by ozone (Li et al., 2001).

5.3.5 Flow Cytometry (FCM) analysis

The lab-cultured E. coli (ATCC25922) was spiked into phosphate buffer and treated with different
doses of ferrate (1, 3 and 5 /L Fe). Tow set of ferrate-treated samples were prepared one set was
stained with the SGI and the second with a combination of PPI and SGI. In this study, when only
SGI was used, the green fluorescence presented in Q4-1 (blue dots) indicated the total cell count
(TCC= intact cell + damaged cell) while the black dots likely to be debris, proteins/contaminant
from the media (Figure 5.5: a —d). In particular, the ferrate dose of 1 mg/L Fe reduced slightly the
TCC level by 20%, while higher doses (3 and 5 mg/L Fe) caused a noticeable reduction in TCC as
35.4% and 60.1% respectively (Figures 5.5 and 5.6). The observed reduction in the TCC level
might be ascribed to the DNA oxidation with the notion that SGI can bind with the DNA regardless
of cell viability status (Ramseier et al., 2011). The double staining (SGI/PPI) of bacterial cells
provided distinct discrimination of damaged cells and intact cells. In Figure 5.5(e to h), Q1-1
represents the damaged cells (damaged membrane) while blue dots represent the intact cells. As
such, the intact cell reduced significantly with a low dose of ferrate (1 mg/L Fe) while further

increment in ferrate dose caused a slight reduction in the damaged cell count (Figures 5.5 and 5.6).
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That might be ascribed to the high reactivity of ferrate with cell membrane components (e.g. amino
acids, phospholipids) (Gan et al., 2015; Sharma, 2013; Sharma and Bielski, 1991). It was reported
that ferrate oxidized deoxyribonucleosides to different extents thus ferrate oxidized 62% and 100%
of deoxycytidine and deoxyguanosine compared to 13% to 25% of deoxyadenosine and thymidine
(pH= 8) (Sharma, 2013). In a previous study, it was reported that ferrate could cause damage to
the cell membrane of native drinking water bacteria cells and no damage of DNA was observed
(Ramseier et al., 2011). The discrepancy between the findings of that study and this study might
be due to the differences in the water matrix (a mixture of lake water, groundwater, tap water
versus phosphate buffered); used bacterial indicator ( native drinking water bacteria versus lab-
cultured bacteria); initial TCC (26 x 107 cell/L versus 4.5 x 10° cell/L); TOC (0.8 mg/L C versus
0 mg/L C); and pH of the samples (8.2 versus 7.2). Furthermore, it was reported ferrate mode of
inactivating Microcystis aeruginosa affected by NOM and coexisting cations (e.g. manganese)
(pH= 7.6, DOC=2.02 mg/L, Mn=0.368 mg/L)(Fan et al., 2018). In addition, the ferrate mode of
action might also be impacted by the pH of the solution because ferrate protonated species
(HFeOs~, pK,=7.2) are proved to be more reactive than deprotonated species (FeO4%) (Cho et al.,
20006).

Nonetheless, cell membrane destruction is a widely accepted criterion for determining
inactivated bacteria (Berney et al., 2008a; Gombos et al., 2012; Ramseier et al., 2011). In this
study, the colony counting method (i.e. based on bacterial cultivation) showed that ferrate
achieved 4-log removal of E. coli while FCM revealed that only 1.3-log of intact cells were
removed. This difference could be attributed to the presence of viable but not-cultivatable
bacteria (i.e. E. coli) which might occur generally due to sub-lethal injury, the inadequacy of

temperature or time to grow (Antonelli et al., 2006; Gillespie et al., 2014). This further
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emphasized that the cultivation-independent techniques (microscopy, flow cytometry or
molecular biological techniques) might be used as a complementary tool for evaluating the

disinfectant effectiveness.
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Figure 5. 5 The representative FCM density plots (X-axis 530 nm, Y-axis 586 nm) of lab-
cultured E. coli (1.09 x 10* MPN/100mL) spiked in phosphate-buffered solution (pH=7.2) and
treated with different doses of ferrate (0, 1, 3, and 5 mg/L). The first row (a, b, ¢ and d) samples
were stained with SYRB Green I (SGI) represent total cell count (intact cell + damaged cell) and
second row samples were stained with SGI+ Propidium lodide (PPI) for distinct classification of

cells (intact cell and damaged cell).
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Figure 5. 6 Total cell count derived from SGI staining cells and intact cell number and damaged
cells derived from double staining SGI/PPI for E. coli suspended in phosphate buffer solution
(pH = 7.2) treated by different doses of ferrate (0, 1, 3, and 5 mg/L Fe).

5.3.6  Hydrogen peroxide (H,0;) in-situ production

Hydrogen peroxide (H20>) is an oxidant/disinfectant with a redox potential of 1.8 V had
been used alone or in combination with other technologies in the water and wastewater treatment
field (Jimenez-Del-Rio et al., 2010; Lambert et al., 1999; Lin and Lo, 1997).

In fact, this study had investigated the in-situ production of hydrogen peroxide as a
byproduct of ferrate dissociation chemistry which might provide a feasible alternative source for
the commercial hydrogen peroxide (Asghar et al., 2015). Therefore, as part of ferrate dissociation
chemistry different iron species are formed (e.g. H,FeV0j, H3Fe!VO;, Fe?", Fe’") along with
hydrogen peroxide (H20z) and dissolved oxygen (O2) (equation 5.6-5.11)(Lee et al., 2004; Lee et
al., 2014).

2HFeV'0; + 4H,0 — 2H3Fe'V0O; +2H,0, (5.6)

HFeV'0; + H,0, — H3Fe'VO; + 0, (5.7)
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HFeV'0; + H,0, + H - Fe''(OH), + 0, + 2H,0 (5.8)
HFeV'0; + Fe'(OH), + H,0 - H,FeV0; + Fe''(OH); (5.9)
H,FeV0; + H,0 + H* - Fe!''(OH); + H,0, (5.10)
H,FeV0; + H,0, + H* - Fe'''(OH); + 0, + H,0 (5.11)

The level of hydrogen peroxide was monitored during ferrate-decomposition corresponded
to ferrate doses (5, 8 and 10 mg/L Fe) for 20 minutes (Figure 5. 7, a). Therefore, the produced
H>0, was equivalent to 20 to 26% of the ferrate initial dose within pH (7.3 to 8.4) (Figure 5. 7, b).
This percentage was comparable with what was reported previously as generated hydrogen
peroxide equal 26% of initial ferrate dose at pH= 8.8 (Lee et al., 2014). The produced hydrogen
peroxide was stable in the tested system and no major reduction was observed over 120 min (data
not shown). The presence of hydrogen peroxide in the treated effluent is an environmental concern
and a proper method of control is required. Different approaches were proposed in the literature to
control residual of hydrogen peroxide such as granular activated carbon (GAC), chlorine, and
sulfur compounds (Huang et al., 2018; Olmez-Hanci et al., 2014; Wang et al., 2019). In the pilot
and lab-scale experiments, it was reported that GAC could effectively quench H>O> (4 to 10 mg/L)
presented in UV/H2O; treated surface water within 4 to 20 minutes approximately (pH=6.9 to 7.76,
TOC=1.95-3.32 mg/L) (Huang et al., 2018). The author suggested that the H>O> decomposition
occurred via the generation of radical species with the reactive surface layer of GAC or it may
involve the transfer of functional group between GAC and H20:. In the lab-scale experiment, it
was suggested using chlorine as a quenching agent of H>O», therefore greater than 95% of H20-
(5 to 10 mg/L) was quenched by chlorine within 0.4 to 14 minute (molar ratio of chlorine:H20x:
1:1, pH= 6.2-7.2)(Wang et al., 2019). Nonetheless, using chlorine for the full-scale application

required more investigation. Sodium sulfite and sodium thiosulfate were not recommended for
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full-scale application due to slow reaction or high molar ratio requirement (e.g. 10 mg/L of
NaxS>03 for quenching 1 mg/L of H»O,)(Keen et al., 2013). Exploring other techniques for

quenching residual H-O> deduced by the ferrate process is very crucial.

The in-situ generated H20O2 might be used in the advance oxidation process: firstly, Fenton
process (H2O»/Fe (III)) and secondly UV-based process (UV/H202). As such, in both options
hydroxyl radicals (OH’, redox=2.8 V) could be formed by the reaction of H,O> with transition
metals (e.g. iron (Fe**, Fe**)) or UV/H,0; photolysis (equation 5.12) (De Laat and Gallard, 1999;
Zaharia et al., 2009). In particular, ferric (also generated by ferrate) reacts with hydrogen peroxide
and form ferric hydroperoxy complex (Fe — 00H?") which further decompose to form hydroxyl
radical (equations 5.13-5.15) at acidic medium (pH < 4). Thus, at higher pH (alkaline), ferrous
(Fe’") (Fenton reagent) may promote ferric hydroxo complex formation and ferric (Fe*")
precipitation may occur, which eventually hindered hydroxyl radical formation (De Laat and
Gallard, 1999). Based on all of that using hydrogen peroxide for Fenton (UV/Fe(IlI)) might not be
feasible as it is required an acidic medium (pH <4 ) (out of typical pH (6 to 9) for water and

wastewater treatment) and high concentration of H,O, ([Fe*" ]/[H202] <<1 (Yoon et al., 2001).

H>0, + hv — 20H+ + OH (5.12)
Fe’" + H,0, — Fe-OOH?*" + H' (5.13)
Fe-OOH?" — HO,e + Fe?* (5.14)

Fe’*+ H,0, — Fe** + OH + OH-  (5.15)

Fe**+ OHe — Fe’" + OH" (5.16)
The second option (UV/H202) might be more practical for oxidation or disinfection
processes in the context of the treated water. For instance, HO2/UV (10 mg/L)/(5 mJ/cm?) could
inactivate 4-logs of E. coli (10° CFU/ mL) spiked into buffer solution (pH=7.5, DOC= 6 mg/L)
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compared to 3 log achieved by UV alone (Teksoy et al., 2011). Moreover, photo-degradation of
pesticides (e.g. chlorfenvinphos, 2,4 D, aldrin) using UV/H>O»/air had exhibited high removal
(80% to 99.5%) for bench-scale and pilot-scale application in industrial wastewater (UV-radiation
time=40 min, pesticide=1.5 mg/L)(Kowalska et al., 2004). UV/H,O2 -process (1056 (mJ/cm?)/ 340
mg/L) also showed high removal (> 90%) of endocrine disruptive compounds (EDCs) (n-
butylparaben (BP) and4-tert-octylphenol (OP)) presented in buffered and pure water solution (pH
range 5 to 8, compounds=1.7 x 10 to 5 x 10® M) (Bledzka et al., 2010). Indeed, in all mentioned
studies, high doses of hydrogen peroxide were required to achieve the target removals thus it is

recommended to conduct a feasibility study for the application of in-situ produced hydrogen

peroxide.
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Figure 5. 7 The measured hydrogen peroxide levels (a) and pH change (b) during the
decomposing of different doses of ferrate (5, 8 and 10 mg/L Fe) for treating enhanced primary

treatment effluent during wet weather flow.
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5.3.7  Acute toxicity analysis

In this study, acute toxicity was measured based on the change of luminescence emission of
vibrio fischeri (Figure 5.8). Therefore, the acute toxicity of the untreated WWF sample was 60%
which was likely due to the original constituents of wastewater (Figure 5.8). Interestingly, the
toxicity level declined to zero after coagulation/sedimentation (denoted as EPT effluent) which
may attribute to alum efficiency in removing a wide range of organic and inorganic contaminants
(El Samrani et al., 2008; Kelly et al., 2004). That indeed came in agreement with another study
which also reported that that alum and poly-aluminum chloride reduced effectively acute toxicity
(vibrio fischeri) of secondary effluent of municipal wastewater (Petala et al., 2006). In this study
ferrate (5, 8 and 10 mg/L Fe) induced apparent toxic effects (10 to 25%) of treated samples. The
observed toxicity by ferrate might be explained by ferrate-oxidation of presented contaminants and
consequently formation of toxic by-products. Similar observations were also reported when ferrate
was used to oxidize diclofenac and bisphenol A (Han et al., 2015; Wang et al., 2015). In overall,
the obtained results indicated that a more in-depth study was required to further explore the source

of toxicity in the ferrate treatment system.
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Figure 5. 8 Inhibition percentage of vibrio fischeri for different samples before and after
treatments. Notes: WWF sample represents raw wet weather flow sample. EPT (enhanced
primary treatment) effluent was treated by alum (75 mg/L). Different ferrate doses (5, 8 and 10

mg/L Fe) were applied into EPT effluent samples used for disinfection experiments.
5.4 Conclusions

This study demonstrated that ferrate is efficient to inactivate E. coli presented in the effluent
of enhanced primary treatment during wet weather flow. The impacts of temperature and ferrate
doses were evaluated comprehensively. Ferrate dose of 10 mg/L Fe effectively removed 3.6 to 4
log of E. coli within 3 to 10 minutes at the tested temperatures. The temperature change from 9 to
19 °C had increased slightly log-removal by approximately 0.5 log. Ferrate-degradation was
observed during the inactivation kinetic study and fit into a second-order kinetic model. No lag
was observed in the inactivation process of E. coli by ferrate, yet tailing-off was observed. Chick-
Watson, Hom and Selleck models were successfully fit the inactivation kinetic data with adjusted
R? >0.94. Interestingly, Chick-Watson and Hom model exhibited comparable performances to fit

the experimental data while Collins-Selleck showed inferior performance. The increment in
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temperature from 9 to 19 °C caused an approximate increment of 1.5 in the inactivation rate

constant.

Flow cytometry (FCM) analysis revealed that, ferrate could inactivate E. coli by damaging
the cell membrane and to a lower extent cause DNA damage. The in-situ production of hydrogen
peroxide was verified in this study and it was found to equal 20 to 26% of ferrate initial dose.
Using ferrate should be always adapted with a proper method of control as the generated H20:
cannot be discharged directly.

The acquired acute toxicity results exhibited a high reduction in the toxicity of raw wet
weather flow samples after the coagulation sedimentation process. Furthermore, ferrate imposed
slight toxicity effects on the treated samples, which might be ascribed to the oxidation process.
Further study is recommended to further explore the source of toxicity in the ferrate treatment
process. In overall, this method provides important insights on overall ferrate performance as a
disinfectant and therefore ferrate might be suggested to be an alternative disinfectant for treating
the EPT effluent during WWF. Additionally, it is worth mentioning that these experiments were
conducted at a bench-scale level thus full-scale application was warranted for further optimization

of operating conditions.
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Chapter 6: Elimination of Selected Pesticides and Pharmaceutical Model Compounds by
Ferrate and Ferrate-UV Processes: pH Impact, Kinetics Study and Hydroxyl Radical and
Superoxide Radical Contributions

6.1 Introduction

Contaminants of emerging concern (CECs) (e.g. pharmaceutical and personal care products
or pesticides) are detected in ng/L to pug/L in surface water, wastewater influent/effluents and
agriculture runoff, endangering the aquatic life and human health (Petrie et al., 2015). While
limited regulation is available for the discharge of the CECs in wastewater, the potential risk of
CEC:s to the environment and public health is still of high concern for environmental researchers
and decision-makers. Between 2006 and 2007, an extensive study conducted by Benotti et al.,
(2009), investigated the occurrence of more than 51 CECs in different water sources including: tap
water, drinking water sources, finished water and wastewater treated effluent. They concluded
that, the mostly detected ECs were: Atenolol, N,N-diethyl-m-toluamide, estrone, meprobamate,
atrazine, trimethoprim, sulfamethoxazole, carbamazepine, phenytoin, naproxen, gemfibrozil and
tris-2-chloroethyl phosphate. Among 14 surveyed countries for occurrence and fate of a wide range
of CECs, it was found that antibiotic, anti-inflammatory drugs were found to have the highest
concentration (up to pg/L) in surface water and sewage effluents of Canada, UK and Japan (Jiang
et al., 2013). Some compounds were detected frequently in surface water and may serve as an
indicator for the occurrence of CECs such as atrazine (ATZ), mecoprop (MCPP), and
carbamazepine (CBZ) (Benotti et al., 2009; Martinez et al., 2016). Atrazine is a herbicide used to
kill weeds with global annual consumption of 70,000 tonnes and detected in surface water with a
concentration > 0.1 pug/L (Tankiewicz et al., 2010; Wu et al., 2018). Mecoprop is a chloro-phenoxy
herbicide used to control chickweeds, lawn and weeds of other cereal crops with annual use of

500,000 tons detected more frequently in surface water with a concentration of 0.1 pg/L (Martinez
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et al., 2016). In contrast, CBZ is a pharmaceutical compound used as a mood stabilizer and anti-
convulsant with a detected level in surface water of up to 6 pg/L.

Conventional wastewater treatment plants (WWTPs) (biodegradation/coagulation/
filtration) showed deficiency to remove CECs (Hamza et al., 2016; Westerhoff et al., 2005).
Alternatively, oxidation processes (direct oxidation or advance oxidation) showed higher
efficiencies to degrade the broader range of CECs (Acero et al., 2000; Huber et al., 2005). For
instance, ozone, a strong oxidant (redox potential=2.1 V) effectively removed CECs with electron-
rich moieties (e.g. ibuprofen, sulfamethoxazole) whereas showing moderate removal for other
CECs (e.g. caffeine, iopromide) (Knopp et al., 2016). Photolysis oxidation process via UV could
degrade effectively CECs with high quantum yield (e.g. sulfamethoxazole, diclofenac) while
UV/H20: process showed better performance due to the generation of non-selective hydroxyl
radical ( e.g. ibuprofen degradation) (Trapido et al., 2014).

Ferrate recently emerged as a powerful oxidant (redox potential =2.2 V) with a high capacity
to degrade a broad range of CECs (Gombos et al., 2013; Jiang, 2013; 2015; Karlesa et al., 2014;
Lee et al., 2009; Sharma, 2013; Sharma et al., 2016; Sun et al., 2016; Yang et al., 2012; Zhang et
al., 2015). In fact, ferrate is known to be more reactive at acidic pH (due to the presence of
protonated species) and more stable at alkaline condition (Sharma, 2002). Ferrate had shown to
effectively remove several pharmaceutical compounds such as carbamazepine and metoprolol in
different water matrices (pure water and hospital wastewater effluent, pH = 10) (Peings et al.,
2017). Also, ferrate (Co=22.4 mg/L Fe) had removed significantly polychlorinated diphenyl
sulfides (Co=3.72 mg/L) within minutes at pH=8.2 (Chen et al., 2018). The synergistic effect was

reported when peroxymonosulfate was added to ferrate during the degradation of fluroquinolone
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(Feng et al., 2017). It was also found that ferrate could be activated by acid to removed recalcitrant
compounds (acesulfame potassium, caffeine, atenolol) (Manoli et al., 2017).

This paper attempted to evaluate ferrate efficiency for degrading selected CECs serve as
indicators for CECs presence in water and wastewater with environmental relevant conditions.
Therefore, to benchmarking the reactivity of CECs, a mixture of selected model compounds was
treated by different doses of ferrate under different pH (5.2, 7.2 and 9.2). Some of the selected
model compounds were treated by ferrate for the first time such as fluconazole, mecoprop,
diazinon, carbendazim, perfluorooctanoic acid, and clindamycin. The oxidation kinetic
experiments for the degradation of carbendazim and fluconazole were performed, and the
contribution of hydroxyl radical and superoxide radical was explored. Furthermore, this study also
investigated the combination of UV/Ferrate process to treat the compounds with poor or moderate
reactivity with ferrate alone and obtained kinetic parameters. In overall, this study added new
information about ferrate oxidation efficiency toward newly tested model compounds and the
potential of the ferrate-photo assisted process (UV/ferrate) and the role of radical species in ferrate

technology.

6.2 Material and method

6.2.1 Chemicals and reagents

All tested model compounds were purchased from Sigma Aldrich (analytical grade) namely
carbendazim (CDZ), atrazine (ATZ), sulfamethoxazole (SMX), carbamazepine (CMZ),
trimethoprim (TMP), mecoprop (MCPP), diazinon (DZN), fluconazole (FCL), clindamycin (CLN)
and pentadecfluorooctanoic acid (PFOA). The individual model compound stock solution was
prepared by adding a measured amount of each compound and dissolved in a known volume of

ultrapure water (resistance >18.2 MQ, Millipore) in an amber glass bottle and mixed with a
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magnetic stirrer overnight. All stock solutions were stored at 4 °C. The concentration of each stock
solution was prepared to have a concentration below its water solubility to avoid direct

precipitation. The details of stock solution concentrations were provided in Table D. 1.

6.2.2 Classification of CECs reactivity to ferrate oxidation

The mixture of model compounds (50 pg/L) was spiked into different buffered solutions to
examine pH impact on the degradation process. The phosphate buffer solution was used for
pH=5.2 and 7.2 while the carbonate buffer solution was used for pH=9.2. The degradation of model
compounds experiments was conducted in batch reactors and continuously stirred using a magnetic
stirrer at room temperature 20 = 1 °C. The reaction was initiated by adding ferrate into the solution
and allowed to react for 30 minutes. At the end of the reaction, the samples were filtered using a
0.2 um pore size nylon filter (Fisher Scientific). The CECs were analyzed using ultra-performance
liquid chromatography — quadrupole time-of-flight mass spectrometry (Xevo G2-S, Waters),
operated in positive or negative mode. Chromatographic separation was achieved using

ACQUITY UPLC BEH C18, 50%2.1 mm column, at 50 °C with an injection volume of 10 pL.

6.2.3 Kinetic experiment

The kinetic oxidation experiments were conducted for two model compounds CDZ and CLN
which tested for the first-time using ferrate treatment. Ferrate was added into buffered solution
(potassium phosphate 10 mM, pH=7.2) containing individual targeted model compound and the
reaction lasted for 30 minutes in a batch reactor. Ferrate was added in excess compared to the
model compounds assuming pseudo-order kinetic condition. During the reaction course time, two
samples were collected from the reaction solution at predetermined time intervals one sample
quenched by sodium thiosulphate (1 mM) and the second by 2,20-azino-bis (3-

ethylbenzothiazoline-6-sulfonate) (ABTS) (1.82 mM) to determine the concentrations of the
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model compound and ferrate respectively. The ferrate concentration was determined using the
ABTS method spectrophotometric method (Lee et al., 2005). Radical scavengers tert-butyl alcohol
(TBA) and para-benzoquinone (pBZQ) were used to identify the contribution of hydroxyl radical

and superoxide radical, respectively. The concentration of radical scavengers used was 1 mM.

6.2.4 UV photolysis experiment

In this study, the combination of UV/Ferrate process was examined to treat the compounds
with poor or moderate reactivity with ferrate. The selected model compounds (50 ug/L) spiked
into phosphate buffer solution (pH=7.2) to mimic the pH of water and wastewater in the treatment
plants. One set of samples treated by UV alone and another using UV/ Ferrate. To examine the
contribution of hydroxyl radical, the reaction solution was spiked by radical scavengers TBA.
Ferrate dose was fixed as 10 mg/L Fe (179 uM). Different doses of UV were used by exposing the
samples to fixed radiation intensity for variable predetermined time intervals. The samples were
quenched by sodium thiosulfate to stop the reaction and stored directly into amber vials and
prevent any photodegradation due to the light. The samples were filtered using a 0.2 um pore size
nylon filter and the concentration was quantified using qTOF MS. A quasi-collimated beam UV
apparatus (Model PSI-120, Calgon Carbon Corporation) was provided with a medium pressure
mercury-lamp (Calgon Carbon Corporation). The irradiance was measured by a UV detector
(International Light, Model SED240) connected with a radiometer (International Light, Model IL
1400A). The samples were placed into a glass beaker size 80 mL provided with a magnetic stirrer,
with a testing solution depth of 3.8 cm and an internal diameter of 5.2 cm. The distance from the
UV source and surface of the testing solution was fixed as 26 cm and UV irradiance maintained
as 2.3 mW/cm?. A small portion of the test solution was collected at different time intervals as per

the required UV dose and consequently placed into an amber vial for further analysis.
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6.3 Results

The degradation of the selected model compounds by ferrate was divided in different phases.
Phase one aimed to classify the reactivity of the tested model compounds using different doses of
ferrate under different pH. Phase two examined the kinetic of the indicator model compounds from
groups 2 and 3 to obtain the rate constants and the contribution of radical species (hydroxyl radical
and superoxide radical). In the third phase, the combination of ferrate -UV photolysis process was
explored for the degradation of recalcitrant model compounds indicator and contribution of
hydroxyl radical species was also reported. The concentrations of the model compounds in this

study were selected to be environmentally relevant to mimic the real water matrix condition.

6.3.1 Classification of model compounds reactivity with ferrate

The physicochemical properties of all tested model compounds are presented in Table D. 2.
The selected model compounds can be divided into two main groups: pesticides/surfactant and
pharmaceutical model compounds. The pesticides/surfactant includes: ATZ, FCL, MCPP, DZN,
CDZ and PFOA. The pharmaceutical compounds include: CBZ, SMX, TMP and CLN. The model
compounds were spiked as a mixture in a buffer solution with an initial concentration of 50 pg/L.
Different doses of ferrate doses were used (10, 20 and 30 mg/L Fe) to evaluate the reactivity of
the selected model compounds.

In general, based on overall removal, the compounds were categorized into three groups:
group 1 poorly reactive includes ATZ, FCL and MCPP, group 2 moderately reactive includes DNZ
and CDZ and group3 highly reactive includes PFOA, CBZ, SMX, TMP and CLN (Figure 6. 1). In
group 1, the removal generally was less than 50% even at high dose of ferrate (30 mg/L Fe), while
in group 2 the removal exceeds 50% at moderate ferrate dose (20 mg/L Fe). In contrast, the

removal of group 3 model compounds exceeds 50% even at a low dose of ferrate (10 mg/L Fe).
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These findings further proved that ferrate is a selective oxidant thus could easily degrade specific
types of model compounds which were also reported previously (Yang et al., 2012; Zhou and
Jiang, 2015). The contribution of ferrate non-reactive species (i.e. ferric (Fe(IIl)) in the removal of
model compounds was investigated in this study. Therefore, different doses of ferric chloride (as
active iron equivalent to ferrate doses) were added to the reaction solution at pH=7.2 to mimic the
removal in the coagulation process in the real application. As seen from Figure 6. 2, Fe(III) resulted
from no removal to low removal of the selected CECs suggesting that their removal observed with
ferrate treatment was mainly due to ferrate especially for group 2 and 3 compounds.
Higher removal was observed at lower pH for group 3 except PFOA, which was expected as ferrate
is known to be a stronger oxidant at lower pH and thus the better removal. As the ferrate dose
increase, the oxidant power of ferrate at lower pH also become less significant. No removal of
PFOA was observed at acidic and neutral pH but only at basic pH strongly suggest that the removal
was due to the coagulation at basic pH rather than oxidization.

In general, groups 1 and 2 have better removal at acidic and basic pH as compared to neutral
pH which might be attributed to the stronger oxidizing power of ferrate at acidic pH and improved

coagulation effect at basic pH.
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Figure 6. 1 Removal of selected MPs in buffered solutions (10 mM) with different pH values

5.2, 7.2 and 9.2 with different doses of ferrate (a) Fe(VI) 10 mg/L Fe , (b) Fe(VI) 20 mg/L Fe

and (c) Fe(VI) 30 mg/L Fe . The model compounds were spiked in mixture with fixed

concentration of 50 pg/L
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Figure 6. 2 Contribution of ferric (Fe(Ill)) in the removal of selected model compounds spiked in
mixture in phosphate buffer solution (10 mM, pH= 7.2). Fe(IIl) was injected as an active iron

equivalent to the used ferrate doses.

6.3.2 Kinetic study of DZN (group 2) and CLN (group 3)

One compound each from group 2 (DZN) and 3 (CLN) were selected as an indicator for the
oxidation kinetic by ferrate. To the best of the author's knowledge, this is the first report of the
kinetic study of DZN and CLN by ferrate. DZN might serve as an indicator for pesticides with
moderate removal by ferrate technology while CLN indicator of the antibiotic pharmaceutical
compound with high reactivity with ferrate. The kinetic experiments were conducted in a
phosphate buffer solution with pH = 7.2 to mimic the pH condition of natural water and
wastewater. The concentration of the tested compounds selected to be comparable with
environmental detected concentration and fixed as 100 pg/L. Pseudo-order kinetic model was
assumed to describe the kinetic data where the oxidant (i.e. ferrate) was added in excess.

Figure 6. 3 shows the degradation and kinetic modeling of DZN and ferrate. Ferrate 2 mg/L
Fe (equal 36 uM Fe) removed 85% of DZN (100 pg/L) within 300 seconds with corresponded

ferrate decay 53% (Figure 6. 3, b). The second-order kinetic model fit DZN oxidation data with
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rate constant of DZN degradation as 1 x 10 (L/pg. s™) (equivalent to 41800 M~'s™! ) with R?>=0.93
(Figure 6. 3, ¢). In comparison, sodium hypochlorite showed lower reactivity with DZN than
ferrate with a rate constant of 1.6 M's™ at pH = 9.5 (Zhang and Pehkonen, 1999). The ferrate-
decay rate constant was found to be 2 x 10 (L/pg. s™) (equivalent to 0.1 x 10~ pM's™! ) which is
smaller by 400 times than the rate constant of DZN degradation. That might prove the validity of
pseudo-order kinetic assumption where the oxidant maintained in abundance during oxidation
course. Direct photolysis also examined previously and showed poor reactivity with DZN
(UV=2000 mJ/cm?) and only removed 33% of DZN (200 pg/L) whereas UV/H20, (UV= 600
mJ/cm?, HO,= 25 mg/L) removed 96% of DZN at pH 7 (Shemer and Linden, 2006). Indeed,
ferrate showed better performance than that of direct ozonation (1.58 mg/L O3) which removed
89% of DZN (100 pg/L) within 30 minutes (pH~7)(Wu et al., 2007). That might suggest ferrate
to be used as an alternative oxidant for degrading DZN which showed higher persistency to the
aforementioned methods.

The CLN was removed >95% within the first 180 seconds by a ferrate dose of 2 mg/L Fe
with only 40% of ferrate consumed (Figure 6. 4 a and b). The oxidation kinetic data found to fit
properly with a second-order kinetic model for both CLN and ferrate (Figure 6. 4 ¢ and d). The
pseudo-second-order rate constant of CLN degradation was 14 x 10 (L/pg. s™) (605700 M 7).
The results revealed that the oxidation rate constant of CLN was higher than that of DZN by 14
times approximately under similar testing conditions.

The contribution of radical species (hydroxyl radical ("OH) and superoxide radical (O2")) in
the ferrate oxidation process of DZN and CLN was investigated for the first time in this study.
Therefore, ferrate was spiked with and without superoxide radical scavengers (pBZQ) and

hydroxyl radical scavenger (TBA) during DZN or CLN oxidation. As such, the results of this study
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showed that hydroxyl radical had no contribution to the degradation of DZN (Figure D. 1) while
superoxide radical contributed significantly. In comparison, in ozone and UV-based techniques,
hydroxyl radical contributed mainly to the DZN degradation process (Shemer and Linden, 2006;
Wu et al., 2007). Of note, the degradation of DZN in the presence of pBZQ reduced by 51% which
might indicate also the involvement of other species. In this study, it was evidenced that Fe(III)
contributed partially to the removal of DZN (Figure 6. 2). However, the contribution of ferrate
reactive species (Fe(V) and Fe(IV)) cannot be confirmed in this study and more experiments are
required. Similar to DZN, O>" was also the main contributor in the oxidation of CLN while "OH
showed no contribution. Additionally, the ferrate decay rate constant was found to be similar
during the oxidation of both DZN and CLN with the calculated value of 2x 10 (L/ug. s!). This
might further indicate that direct ferrate oxidation did not occur, and major oxidation occurred via
superoxide species in ferrate technology. It should be stated that the role of radical species in the
ferrate system was rarely addressed in the literature. Future studies might be required to further
evaluate the involvement of other species in the ferrate system and evaluate the level of

mineralization of the target compounds.
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Figure 6. 3 Degradation of DZN by ferrate and kinetic modeling: a) DZN degradation (Co= 100

ug/L) b) ferrate degradation (Co =2 mg/L Fe), ¢) DZN pseudo-second-order kinetic modeling d)

ferrate pseudo-second order kinetic modeling. (DZN was spiked into phosphate-buffered
solution (10 mM), pH=7.2).

191



~_~
}-]
~
—_~
=2
~

120 2500 -
100 — 2000
2
3 80
E; =, 1500
z 60 S
£ 1000 -
g 40 e
= i
20 500
0 T T T T T 1 O T T T T T !
0 50 100 150 200 250 300 0 250 500 750 1000 1250 1500
Time (s) Time (s)
(c) (d)
040 4 0.0035 - .
035 1 ° ~ 0.003 -
0.30 - >
ol = 0.0025 -
= 025 A =
én 020 - g 0.002 A
= 0.0015 A
é 0.15 1 E oo
& 0.10 | S 0.001 - .
= k=14x104(L/pg.s") S - -6 5
0.05 A1 R2=0.95 ~ 0.0005 k=2x 1(1 (L/pg.s™t)
R2=0.98
0.00 ® . . . . . . 0+ . . . ; ; .
0 50 100 150 200 250 300 0 250 500 750 1000 1250 1500
Time (s) Time (s)

Figure 6. 4 Degradation of CLN by ferrate and kinetic modeling: a) CLN degradation (Co= 100
ng/L) b) ferrate (Co =2 mg/L Fe), c¢) CLN Pseudo-second order kinetic modeling d) ferrate
Pseudo-second order kinetic modeling. (CLN was spiked into phosphate buffered solution (10
mM), pH=7.2).

6.3.3 Ferrate-UV photo-degradation of selected MPs (MCPP and CDZ)

This study had explored the combination of ferrate-UV oxidation process to remove the
poorly and moderately reactive model compounds as per the established classification in this study
(section 6.3.1). Therefore, this section unveiled the degradation of MCPP (poorly reactive) and
CDZ (moderately reactive) using fixed ferrate dose (178.6 uM equivalent= 10 mg/L Fe), a fixed

concentration of model compounds (50 pg/L) and different doses of UV ranged from 0 to 221
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mJ/cm?. The removal of MCPP and CDZ by ferrate/UV processes was explored for the first time
and no previous studies were found. The contribution of hydroxyl radical was also explored by
spiking a set of samples with TBA ("OH scavenger). As such different sets of samples were
prepared: UV + TBA and UV/Ferrate + TBA. As such, UV alone achieved better removal of
MCPP than that attained by the UV/ferrate system with maximum removal of 60% at 221 mJ/cm?
(Figure 6. 5 a). Similar photolysis hindrance by ferrate was reported previously where UV removed
89% of HoS while UV/ferrate declined the removal to 65% (Talaiekhozani et al., 2016a). In
principle, direct UV photolysis of model compound governs by molar absorbance of UV band
which will raise the molecule to excited state thus leading to possible destabilization of the
compound (Bolton and Stefan, 2002). Therefore, the presence of ferrate may cause shielding to
MCPP molecules in this case thus hindering UV photolysis. In contrast, UV/Ferrate had removed
95% of CDZ while UV-alone achieved only 40% (Figure 6. 5 b). The degradation of CDZ (10
mg/L) examined previously using UV-alone and UV/TiOz (70 mg/L) which removed 90%o0f CDZ
compared to 63% by UV alone with an exposure time of 75 minutes at pH= 6.73 (Saien and
Khezrianjoo, 2008).

The pseudo-first-order kinetic was assumed which is widely used in previous studies to
describe the degradation of model compounds using UV based process (Luo et al., 2018; Real et
al., 2007; Shu et al., 2013). The kinetic modeling was performed based on equation 6.1(Bolton and
Stefan, 2002). C, is the initial concentration of the target compound and C the concentration at any
time during the oxidation process and k time-based first-order rate constant and t is the time. By
plotting In Co/C versus time k time based can be obtained. fluence based rate constant can be

obtained by plotting In Co/C versus fluence doses (mJ/cm?).

In [%0] =kt (6.1)
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The pseudo-first order decay rate constant (fluence based) was obtained for MCPP and
found to be 0.0037 cm?*/mlJ (equal 0.008 s!) and 0.0005 cm?/mJ (equal 0.0011 s) using UV and
UV/Ferrate respectively (Figure 6. 5 ¢). The degradation kinetic of MCPP (10 mg/L) at neutral pH
was examined using different processes and the rate constants were reported as following UV
(5400 mJ/cm?) to be 0.0017 s’!, UV/TiO, (5400 mJ/cm?/100 mg/L) 0.0085 s, UV/H,0; (5400
mJ/em?/100 mg/L) 0.0135 s, UV/persulfate (5400 mJ/cm?/100 mg/L) 0.0052 s!, photo-Fenton
(UV=5400 mJ/cm?, Fe*'=H,0,= 10 mg/L) 0.023 s, Fenton (Fe**=10 mg/L, H,O>= 10 mg/L)
0.0065 s™! (Martinez et al., 2016). This indicated that photo-catalytic process surpassed UV/ferrate
therefore implementation of ferrate in MCPP oxidation might need further investigation to make
it more feasible and effective.

CDZ degradation kinetic followed pseudo-first-order kinetic model and the rate constant
(fluence-based) found to be 0.002 cm?*/mJ (equal 0.005 s') and 0.014 cm?*/mJ (equal 0.03 s!) using
UV and UV/Ferrate respectively (Figure 6. 5 d). The observed increment in the rate constant of
DZN degradation by UV/Ferrate was 7 times higher than that achieved by UV alone which may
attribute to the synergistic effect and promoting the formation of reactive species. This coincidence
with what reported previously in the degradation of 2,4-dichlorophenol where the rate constant
also increased from 0.0032 min™! to 0.0222 min! by using UV and UV/ferrate respectively ( ferrate
100 mg/L, 2, 4-dichlorophenol =20 mg/L, pH=7, UV= 0 to 712.8 mJ/cm?) (Wu et al., 2020).
Previous studies hypothesized that, the observed synergetic effect in the UV/ferrate process
attributed to the formation of hydroxyl radical or Fe(V)/Fe(IV) reactive species (Aslani et al.,
2017; Talaiekhozani et al., 2016a; Talaiekhozani et al., 2016b). In fact, this study investigated the
‘OH contribution to the degradation of MCPP and CDZ in UV and UV/ferrate processes (Figure

6.5, e and f). As such, in the UV-MCPP oxidation process, the ‘OH radical contributed by 25% in
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the overall obtained oxidation rate constant (0.0036 cm?/mlJ) (Figure 6. 5, e) and while 75%
expected to occur due to the direct UV photolysis which also reported previously (Shu et al., 2013).
Furthermore, it was reported that UV-MCPP oxidation might be initiated by chlorine atom
photolysis at benzene ring or direct ‘OH attack to the tertiary carbon atom of the propanoic moiety
of MCPP (Semitsoglou-Tsiapou et al., 2016). Moreover, for CDZ, *OH contributed by 50% and
12% in the overall oxidation rate constants obtained by UV and UV/ferrate processes respectively
(Figure 6. 5, f). Based on the observations of this study it can be stated that the ‘OH contribution
in the UV/ferrate system was minimal and other reactive species were likely involved in the
degradation process. A thorough study conducted by Wu and co-authors concluded that superoxide
radical dominated the oxidation processes in the UV/ferrate system and mainly responsible for the
observed degradation (Wu et al., 2020). In the same study, the formation of O>™ was confirmed by
electron spin resonance (ESR) which showed increment by increasing UV radiation. In overall it
can be stated that both "OH and O, were formed in the UV/ferrate process yet the latter dominated

the UV/ferrate oxidation process.
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6.4 Conclusions:

This study investigated the removal of selected model compounds presented in
environmentally relevant concentrations using ferrate technologies. The selected model
compounds showed different reactivity with ferrate and classified into three groups based on
achieved removal: poorly reactive (removal <50%) model compounds: atrazine (ATZ),
fluconazole (FLC), mecoprop (MCPP), moderately reactive (removal>50%): diazinon (DZN),
carbendazim (CDZ), perfluorooctanoic acid (PFOA), and highly reactive (removal > 85%):
carbamazepine (CBZ), sulfamethoxazole (SMX), trimethoprim (TMP) and clindamycin (CLN).
The model compounds of groups 1 and 2 along with CLN showed less dependency on pH of the
buffer solution. In contrast, PFOA was removed highly at alkaline pH and better removal was
achieved at acidic pH for CBZ, SMX and TMP.

The oxidation kinetics of DZN and CLN was examined for the first-time using ferrate and
the pseudo-second-order for both ferrate and the model compounds. A higher oxidation rate
constant was obtained for CLN (14 x 10 (L/ug. s™')) compared to that obtained for DZN (1 x 10-
4 (L/ug. s™)). The contribution of ferric species (Fe(Ill)), hydroxyl radical and superoxide radical
species were all explored in this study. The results revealed that Fe(Ill) showed a small
contribution (up to 25%) to the overall removal of tested compounds while hydroxyl radical
showed no contribution. In contrast, superoxide radical contributed mainly to the removal of tested
compounds in the ferrate system. The role of other reactive species in the ferrate system such as
Fe(V) and Fe (IV) were not examined in this study and might require further investigation in future
studies.

The degradation and kinetic of two model compounds (MCCP and CZN) were investigated using

the UV/ferrate process. The results showed that the combination of UV/Ferrate improved the
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removal of CDZ by seven times (based on obtained fluence based rate constant). On the other
hand, MCPP degradation declined by the combination of UV/Ferrate process which may due to
shielding effects caused by the presence of ferrate molecules in the tested solution. The
contribution of hydroxyl radical in the UV/ferrate system was investigated and found to have a
minor contribution to the degradation process.

In overall this study showed that ferrate technology might be used successfully to remove
the model compounds presented in the acidic, neutral or alkaline medium in environmentally

relevant conditions.
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Chapter 7: Conclusions and Recommendations

7.1 Thesis overview

The combined sewer overflow is associated with wet weather flow (WWF) conditions in
which a tremendous amount of combined sewer with limited or no treatment is sent directly to
receiving water bodies. Different approaches have been proposed in the literature to mitigate the
impacts of WWF, including physical and chemical processes or a combination of both. Enhanced
primary treatment (EPT) using coagulant/flocculant was a more practical solution for existing
wastewater treatment plants due to its easy retrofitting. Several coagulants might be used such as
alum, poly-aluminum chloride, and ferric chloride. Ferrate has emerged as a multifunctional
chemical that could act as a coagulant, disinfectant, and oxidant. It has the potential to be employed
for WWF wastewater treatment to minimize the levels of suspended solids, turbidity, and
microorganisms. Ferrate can also be used as a powerful oxidant to treat a wide range of
pharmaceutical and personal care products (PPCPs) and pesticides which are present at higher
concentrations in the influent and effluent wastewaters during WWF conditions due to surface
runoff and the lack of removal during conventional wastewater treatment.

To achieve the target removal level of suspended solids and turbidity from WWF
wastewater, several metal salt coagulants (alum, poly-aluminum chloride, and ferric chloride) were
investigated in chapter 3. The doses and the operating conditions were optimized based on a
factorial design. Bench-scale data were also scaled-up into a full application. Then, ferrate was
thoroughly investigated in chapter 4 for its role in minimizing both the suspended solids and
turbidity along with microbial level. It was explored in different possible treatment trains that rely
on the application of ferrate as a coagulant, coagulant aid, and/or disinfectant. The disinfection

kinetics parameters, which have special importance in real practice, were studied in chapter 5.
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Moreover, the mode of action of ferrate for inactivating E. coli and flow cytometry analysis was

studied in chapter 5. In chapter 6 the role of ferrate alone or in combination with UV for the

degradation of selected PPCPs and pesticides was examined. In addition, the pH impact on the

oxidation process and the contribution of oxygen reactive species were also highlighted.

7.2

Conclusions

The main conclusions of this research based on the main topics were listed as follows:

Optimization of metal salt coagulants for enhanced primary treatment during WWF

Alum surpassed other coagulants (poly-aluminum chloride and ferric chloride), where an
alum dose of 6 mg/L Al without any polymer achieved the target levels of TSS (<25 mg/L)
and reduced turbidity and ortho-P by 87% and 71%, respectively.

Three-factor ANOVA showed that TSS removal depended mostly on rapid mixing while
COD and ortho-P removals depended on slow mixing and coagulant dose.

Bench and full-scale applications of coagulant and coagulant aid exhibited comparable

results especially for turbidity and TSS removals.

Ferrate as coagulant, coagulant aid, and disinfectant for treating wastewater during WWF

The best removals of turbidity, TSS and, COD were achieved with ferrate used at a low
dose (0.5 mg/L Fe) as a coagulant along with a cationic polymer (1.25 mg/L).

ANOVA revealed that polymer addition and slow mixing had significant effects on the
removal of turbidity, TSS and COD. On the other hand, rapid mixing had no direct effect
on the removal of turbidity, while it affected significantly TSS and COD removals. General
linear model equations were established and could predict the removal of TSS, turbidity

and COD.
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Ferrate achieved a target level of TSS <25 mg/L, yet it failed to reduce the turbidity level
to <8 NTU.

Ferrate as a coagulant aid with alum (ferrate = 10 mg/L Fe and alum 6 mg/L Al) achieved
the target levels of TSS, turbidity and ferrate-induced iron particles in the treated effluent.
Ferrate achieved the highest bacterial inactivation when used either with alum or at the
post-dosing point.

By using ferrate (10 mg/L Fe) as coagulant aid with alum (6 mg/L Al), the levels of TSS,
turbidity and E. coli were simultaneously reduced and reached the target levels under the

experimental conditions.

Ferrate disinfection kinetics study

Ferrate exhibited high efficiency to inactivate the E. coli in the EPT effluent during
WWE.

Ferrate (5, 8 and 10 mg/L Fe) effectively removed E. coli within 3 to 10 minutes with log
removals ranging from 1.7 to 4.2.

Ferrate-decay followed second-order kinetics and E. coli inactivation was described
successfully by the tested models: Chick-Watson, Hom and Collins-Selleck models with
adjusted R? >0.94.

Flow cytometry (FCM) analysis revealed that, ferrate inactivated E. coli mainly by
damaging or destructing the cell membrane while limited total cell lysis (limited
oxidation of DNA) was achieved.

The in-situ produced hydrogen peroxide during ferrate-decay was verified and equaled 20

to 26% of the ferrate initial dose.
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e Ferrate imposed slight toxicity effects on the treated wastewater samples, which might be

attributed to the formation of toxic compounds via the ferrate-oxidation process.
Degradation of micropollutants by ferrate and radical species contribution

e Ferrate showed high selectivity during the oxidation of the tested model compounds
which were classified into three groups: group 1 poorly reactive (removal <50%)
(includes: ATZ, FCL and MCPP), moderately reactive (removal>50%) (includes: DZN
and CDZ), and highly reactive (removal > 85%) (includes: PFOA, CBZ, SMX and
CLN).

e The model compounds of groups 1 and 2 along with CLN showed less dependence on
pH of the buffer solution. In contrast, PFOA was removed highly at alkaline pH and
better removals were achieved at acidic pH for CBZ, SMX and TMP.

e Ferrate-oxidation kinetics of DZN and CLN followed second order with oxidation rate
constants 0.7314 uM!s™! and 0.0418 uM-'s!, respectively.

e Ferric species (Fe(Ill)) (the final reduced form of ferrate) showed a small contribution
(up to 25%) to the overall removal of the tested compounds while hydroxyl radicals
showed no contribution. In contrast, superoxide radicals contributed mainly to the
removal of tested compounds in the ferrate system.

e The combination of UV/ferrate improved the removal of CDZ by seven times (based on
the obtained fluence based rate constant) while MCPP degradation decreased by the
combination of UV/Ferrate process which may occur due to shielding effects caused by
the presence of ferrate molecules in the tested solution. The contribution of hydroxyl

radicals in the UV/ferrate system to the degradation process was minor.
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7.3 Recommendations

e Bench-scale findings of this research should be entailed by a full-scale experiment for further
confirmation.

e Evaluating the feasibility of using ferrate in the full-scale application requires further
investigation.

e Ferrate should not be used as a primary coagulant for WWF wastewater due to it is poor
coagulation properties especially for the removal of turbidity.

e A thorough investigation is required to evaluate the effect of alum/ferrate on the formed flocs
characteristics.

e The in-situ generated H>O in the ferrate system should be always addressed and its potential
benefits need further investigation.

¢ Flow cytometry analysis provides essential information on the viability of target bacteria and
may be used as a complementary tool to evaluate the biocidal effect of the tested chemicals.

e Because ferrate imposed slight toxicity effects on the treated samples, the identification of
the byproducts generated after the treatment and more comprehensive toxicity assays will be
required in future experiments.

e The contribution of superoxide radical in the ferrate system was overlooked in most of the

previous studies; therefore, it should be always considered in future studies.
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Appendix A

Table A. 1 Calculations of metal-equivalent coagulant doses.

Coagulant Coagulant Active Species: Coagulant dose Metal concentration Metal-
Molecular Molecular (mg/L) (mM) equivalent
Weight Weight __ Coagulant dose (75) . Dose
(MW) (g/mol) " \Coagulant MW (m—g)) xn (mg Al or
(g/mol) Fe/L)
Aluminum 666.42 Al: 27 g/mol 25 0.07 2.03
Sulfate: Alum 50 0.15 4.05
(AL201283.18H20) 75 0.23 6.08
100 0.30 8.10
125 0.37 10.14
150 0.45 12.15
Ferric Chloride 162.2 Fe: 55.84 g/mol 24.34 0.15 8.38
(FeCls) 60.85 0.37 20.95
Density Metal- Volume of PACI  Mass of PACl required in  Coagulant dose
(g/mL) equivalent Dose  required in 2 L 2 L Jar (mg) (mg/L of PACI)
(mg AI/L) Jar
(mL)
Polyhydroxyl 1.37 4.05 0.061 83.57 41.78
Aluminum 10.14 0.154 210.98 105.49
Chloride **
(PAC)H
Notes:

* n=mol of Active species in 1 mol of coagulant.
** PACI (Clear PAC 180) with a Specific Gravity of 1.37 (according to the manufacturer) was obtained in a solution form and was
characterized in the lab for Al content. Results indicated the Al content of PACl as 131589.16 mg Al/L and calculations were made

accordingly.

Reference equations for Alum and FeCls in wastewater:
Al,(S04)3 - 18H,0 + 3Ca(HCO3), < 3CaS0, + 2AI(0OH); + 6CO, + 18H,0
2FeCl3 + 6H,0 + 3Ca(HCO3), < 3CaCl, + 2Fe(OH); + 6CO, + 12H,0

Table A. 2 Conversion of mixing conditions from rpm, min to Gt (Based on B-KER2 — Phipps &
Bird Specifications).

Factor Level rpmSpeeél(S_l) T (mi];)l me ‘) Gt
High 300 380 3 180 68400

Rapid Mixing  — 0 150 155 1 60 9300
High 30 23 20 1200 27600

Slow Mixing Low 15 10 10 600 6000
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Table A. 3 Chemical and physical properties of the polymers used in this study.

Concentration

Density

Polymer Chemical Composition % Type (g/em’) pH

Distllates (petroluem , hyrdotreated light 20to 23
Alcohol, c12-14, ethoxylated Oto3

A Alcohol, c10-16, ethoxylated 0to3 Anionic 1 6t08
Alcohol, c12-16, ethoxylated Oto3
Alcohol, c13-15, ethoxylated, branched and linear Oto3

B Distillates (petroleum) , hydrotreated naphthenic acid 15 to 40 Anionic 1.1 3944
Alcohol, c12-15,ethoxylated, propoxylayted 1to5
Distillates petroluem, hyrdotreated light 22 t0 25
Alcohol, c10-16, ethoxylated 0t03.6
Alcohol, c12-14, ethoxylated 0to 3.6 ..

¢ Alcohol, c12-16, ethoxylated 0to3.6 Anionic 1.1 6109.5
(Z)-octadec-9-enylyamine, ethoxylayted 1.2to 1.6
Ammonium acetate 2to0 10
Distillates petroluem, hyrdotreated light 22 to 25
Alcohol, c12-16, ethoxylated 0to 3.6

D Alcohol, c12-14, ethoxylated 0to 3.6 Anionic 1.1 5t08
Alcohol, c10-16, ethoxylated 0t03.6 ’ at5 g/L
(Z)-octadec-9-enylyamine,ethoxylayted 1.2t0 1.6
Ammonium acetate 2to0 10

E Distillates (petroleum), hydrotreated naphthenic acid 20 to 45 Anionic 1.1 5to8
Poly(oxy-1,2-ethanediyl), a-tridecyl-w-hydroxy-,branched =~ <3 ’ at5 g/L

F Poly(oxy-1,2-ethanediyl), a-tridecyl-w-hydroxy-,branched <3 Anionic 1.1 5t08
Distillates (petroleum), hydrotreated naphthenic acid 20 to 45 ’ at5 g/L
Distillates (petroleum) hydrotreated light <30%
Alcohol, C12-16, Ethoxylated <5% ..

G Alcohol, C12-14, Ethoxylated <5% Anionic 1 6to8
Alcohol, C10-16, Ethoxylated <5%
Distillates (Petroleum) Hydrotreated Light 20 to 28 %

H Alcohol, C10-16, Ethoxylated <5% Anionic 1 6t08
Alcohol, C12-16, Ethoxylated <5%

Cationic COCO DIETHANOLAMIDE >=0.5<1% Cationic  0.62 ; /it 10
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Table A. 4 Effects coefficients of the Three-Factor ANOVA test showing the statistical
significance levels of the three factors: A=rapid mixing, B=slow mixing, and C=coagulant dose
with p-value= 0.05, on the removal of tested parameters.

Alum
Turbidity TSS CODb Ortho-P
Factors % Removal % Removal % Removal % Removal
p- Effect p- Effect p- Effect p- Effect
value (#1.38) wvalue (+1.38) wvalue (#3.63) wvalue (#1.1])
Rapid Mixing A 0.000 -5.71 0.000 -7.32 0.103 -6.15 0.051 -2.28
Slow Mixing B 0.151 1.24 0.207 1.78 0.000 -19.30 0.878 -0.17
Coagulant Dose C 0.000 553 0.017 3.52 0.278 -4.03 0.000 18.35
Rapid Mixing & Slow Mixing AB 0.009 -2.37 0.000 -6.78 0.001 -13.79 0.159 -1.61
Rapid Mixing & Coagulant Dose AC 0.004 -2.63 0.019 -3.47 0.033 -8.20 0.829 0.24
Slow Mixing & Coagulant Dose BC 0.026 -1.99  0.004 -435 0.000 -21.09  0.000  -17.02
Rapid Mixing & Slow Mixing & Coagulant Dose 0.618 042 0.134 2.13 0.115 -5.94 0.051 2.28
ABC
PACI
Turbidity TSS % COD % Ortho-P %
% Removal Removal Removal Removal
p- Effect p- Effect p- Effect p- Effect
value (#1.38) value (#1.40) value (#3.20) value (£2.05)
Rapid Mixing A 0.015 -1.24 0.001 -5.40 0.046 -6.75  0.924 -0.20
Slow Mixing B 0.000 3.84 0.772 0.41 0.000 -16.60  0.007 -6.09
Coagulant Dose C 0.000 11.32 0.002 4.89 0.003 10.61  0.000 22.29
Rapid Mixing & Slow Mixing AB 0.005  -1.48 0.000 -10.35 0.216 -4.07 0282 2.26
Rapid Mixing & Coagulant Dose AC 0.000 294 0.000 898  0.360 -2.98  0.027 4.83
Slow Mixing & Coagulant Dose BC 0.000  -5.65 0.000 -5.95  0.004 -10.27  0.000 -27.74
Rapid Mixing & Slow Mixing & Coagulant Dose 0.000 289 0.501 -0.96  0.080 585 0.005 6.39
ABC
FeCls
Turbidity TSS % COD % Ortho-P %
% Removal Removal Removal Removal
p- Effect p- Effect p- Effect p- Effect
value (#1.38) value (£1.35) value (#3.55) value (#1.34)
Rapid Mixing A 0.006 -2.14 0.265 -1.54 0.057 -7.10  0.000 12.11
Slow Mixing B 0.001 2.61 0.000 -5.93 0.000 -18.81  0.000 -23.54
Coagulant Dose C 0.000 9.30 0.484 0.96 0.987 0.06  0.000 16.27
Rapid Mixing & Slow Mixing AB 0.479 -0.51 0.366 -1.24 0.000 -20.98  0.000 14.40
Rapid Mixing & Coagulant Dose AC 0.871  -0.12  0.000 948  0.852 0.67  0.000 14.13
Slow Mixing & Coagulant Dose BC 0.741 0.24 0.000 -12.76  0.004 -11.48  0.000 -41.41
Rapid Mixing & Slow Mixing & Coagulant Dose 0358  -0.67 0294 145 0.757 L1l 0.000 15.50

ABC

254



Table A. 5 ANOVA models.

Turbidity % Removal by:

Alum o0 57571 A—2.37 AB — 2.63 AC — 1.99 BC
PACI 8049124 A+ 684 B+ 11.32C— 148 AB +2.94 AC — 5.65 BC + 2.89 ABC
FeClh  g146-2.14A+2.61B+930C
COD % Removal by:
Al 58.33_19.30 B— 13.79 AB — 8.20 AC — 21.09 BC
um
pacy 6347675 A~ 1660 B+ 10.61 C —10.27 BC
pect, 5752 1881 B—20.98 AB— 1148 BC
OP % Removal by:
Al 80.88 + 18.35 C — 17.02 BC
um
pacy  68:36—6.09 B +2229 CB +4.83 AC —27.74 BC + 6.39 ABC
pocs STATH1211A=23.54 B+ 1627 C + 14.40 AB + 14.13 AC — 4141 BC + 15.50 ABC
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Table A. 6 Water quality parameters of untreated and treated samples during full-scale
application of Alum and Alum + Polymer A at the WWTP.

Sample ID Date Flow rate HRT  Turbidity  TSS op %
(MLD) (hr) (NTU) (mg/L) (mg/L) UvT

PI* 18-Aug 131.5 2.92 126 208 11.25 24
PI 19-Aug 239 161 86.45 200 6.65 33
Alum (100 mg/L) 19-Aug ’ 26 26 1 44
PI 24-Aug 164 240 9.9 30
EPT Effluent** 24-Aug 250.7 1.53 73.55 54 9 36
PI 13-Sep 165.5 188 7.75 36
EPT Effluent 13-Sep 2597 1.48 72.1 32 8.88 48
PI 13-Sep 320 12 120.5 244 7.25 42
Alum + Polymer (A) (75/1.45) mg/L 13-Sep ’ 30.75 38 2 45
PI 13-Sep 263 1.46 113.5 138 7.125 46
Alum + Polymer (A) (75/1.45) mg/L 13-Sep ’ 23.35 26 0.88 51
PI 14-Sep 214 179 190 364 8.88 40
EPT Effluent 14-Sep ’ 67.1 40 4.75 51
PI 14-Sep 149 200 6.75 44
Alum 75 14-Sep 269 1.43 42.9 44 1.38 52
PI 19-Sep

PI 19-Sep 192 1 164.5 218 5.06 50
Alum + Polymer (B) (75/1.1) mg/L 19-Sep 21.2 28 0.88 53
PI 19-Sep 272 071 154 180 4 56
Alum + Polymer (B) (75/1.1) mg/L 19-Sep ’ 68.55 64 0.5 68
PI 19-Sep 232 0.83 177.5 176 6.12 46
EPT Effluent 19-Sep ’ 82.75 60 7.88 48
PI 19-Sep 306 0.63 215 360 2.63 62
Alum + Polymer (B) (75/1.1) mg/L 19-Sep ’ 62.8 98 0.5 65
PI 20-Sep 190 248 9.38 38
EPT Effluent 20-Sep 144.7 1.33 197.5 150 8.5 41
PI 20-Sep 1793 107 191.5 280 5.75 41
Alum + Polymer (B) (75/0.75) mg/L 20-Sep ’ ’ 573 56 2.5 45
PI 20-Sep 1625 118 170.5 280 7.75 42
Alum + Polymer (B) (75/0.75) mg/L 20-Sep ’ ’ 35.15 40 1.38 45
PI 21-Sep 2477 078 124.5 200 0.88 57
Alum + Polymer (B) (75/0.75) mg/L 21-Sep ’ ’ 14.085 14 0.25 62
PI 01-Oct 221 296 9.1 33
EPT Effluent 01-Oct 226 0.85 124 76 9.9 41
PI 02-Oct 167 115 147 244 11.1 43
Alum + Polymer (A) (75/0.75) mg/L 02-Oct ’ 39.55 48 3.9 47
Notes:

* PI = Primary Influent to the WWTP.
** EPT Effluent = effluent from the primary clarifier without any chemical addition (i.e., after mixing and settling only).
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Appendix B

Table B. 1 Water quality parameters of wet weather flow samples (average values + standard
deviation).

Parameter Values

pH 7.5+0.31

Turbidity (NTU) 101.1 +£8.19

TSS (mg/L) 157.3 £ 10.34

COD (mg/L) 318.3+33.49
Alkalinity (mg/L CaCQs3) 224.8 £28.27

OP (mg/L) 8.1+3.04

UVas (em™) 0.2+0.08

UVT% 60.6 £10.75

E. coli (CFU/100 mL) 2.26 x 10+ 4.02 x 10°

Table B. 2 Average pH values of untreated and treated samples for different mixing conditions
using different doses of ferrate with and without cationic polymer.

Sample ID pH
Mixing condition (rapid/slow) Gt (68400/27600) Gt Gt Gt (9300/6000)
(68400/6000) (9300/27600)

No Chemical 75 7.9 72 7.3
Fe(VI) 0.5 mg/L 76 7.4 6.9 7.4
Fe(VD) 0.5 mg/L + Polymer 76 73 7.39 73
Fe(VI) 8 mg/L 7.6 7.3 7.4 7.4
Fe(VI) 8mg/L + Polymer 7.6 7.4 7.4 7.4
Polymer only 7.6 7.4 7.4 7.4

Table B. 3 Average alkalinity concentration (mg/L CaCOs) of untreated and treated samples for
different mixing conditions using different doses of ferrate with and without cationic polymer.

Sample ID Alkalinity (mg/L CaCQO3)

Mixing condition (rapid/slow) Gt(68400/27600)  Gt(68400/6000)  Gt(9300/27600)  Gt(9300/6000)
No Chemical 213.6 191 189 179
Fe(VI) 0.5 mg/L 214.75 202 208 173
Fe(VI) 0.5 mg/L. + Polymer 214.4 198 181 175
Fe(VI) 8 mg/L 2149 200 194 173
Fe(VI) 8mg/L + Polymer 216.6 201 194 170
Polymer only 217.6 202 191 181
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Table B. 4 Average TVSS removal percentage (%) untreated and treated samples for different
mixing conditions using different doses of ferrate with and without cationic polymer.

Sample ID TVSS (mg/L)

Mixing condition (rapid/slow)  Gt(68400/27600)  Gt(68400/6000)  Gt(9300/27600) Gt(9300/6000)
No Chemical 39 70 66 73
Fe(VI) 0.5 mg/L 42 72 86 78
Fe(VI) 0.5 mg/L. + Polymer 54 74 73 78
Fe(VI) 8 mg/L 55 87 81 79
Fe(VI) 8mg/L + Polymer 43 69 65 75
Polymer only 85 &9 87 100

a) b)
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Figure B. 1 SEM image for flocs generated by ferrate treatment of wet weather flow (WWF)
samples: (a) ferrate dose of 0.5 mg/L+ polymer (1.25 mg/L) and (b) ferrate dose of 8 mg/L+
polymer (1.25 mg/L)
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Table B. 5 EDX data of elemental distribution in flocs samples generated after treating WWF
sample by two dosing conditions: 0.5 mg/L Fe and 8 mg/L Fe both with cationic polymer (1.25
mg/L)

Element  Ferrate 0.5 mg/L Fe  Element Ferrate 8§ mg/L Fe

+polymer (1.25 mg/L) +polymer (1.25 mg/L)

Wt% o! Wit% o

0] 53.5 0.3 @) 57.1 0.3

Si 14.8 0.2 Si 11 0.1

Ca 6 0.1 Fe 10.7 0.2
Al 5.5 0.1 Ca 5.4 0.1
Cl 4.9 0.1 Al 4.7 0.1
Na 4.9 0.2 S 2.2 0.1
Fe 4.2 0.2 Na 2.1 0.1
Mg 3.6 0.1 K 1.9 0.1
K 2.7 0.1 Mg 1.8 0.1

S NA? NA Cl 1.6 0.1

P NA NA P 1.6 0.1

I'standard deviation, *not available

Table B. 6 Average OP removal percentage (%) untreated and treated samples for different
mixing conditions and chemical combination.

Sample ID OP%
Mixing condition (rapid/slow) Gt Gt Gt Gt (9300/6000)
(68400/27600) (68400/6000) (9300/27600)

No Chemical 4 NA! 6 12
Fe(VI) 0.5 mg/L 13 7 16 15
Fe(VI) 0.5 mg/L. + Polymer 24 9 24 13
Fe(VI) 8 mg/L 27 NA 35 19
Fe(VI) 8mg/L + Polymer 31 41 NA 14
Polymer only 15 0 18 16

INA= not analyzed
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Table B. 7 Average UVT% untreated and treated samples for different mixing conditions and
chemical combination.

Sample ID UVT%
Mixing condition (rapid/slow) Gt (68400/27600) Gt Gt Gt
(68400/6000)  (9300/27600)  (9300/6000)

No Chemical 55 68 65 NA
Fe(VI) 0.5 mg/L 53 69 65 NA
Fe(VI) 0.5 mg/L. + Polymer 55 69 64 NA
Fe(VI) 8 mg/LL 56 69 64 NA
Fe(VI) 8mg/L + Polymer 55 70 64 NA
Polymer only 58 71 65 NA

INA=not analyzed

Table B. 8 Complete matrix used to analyze two-level full factorial (23) design with coding

system for main and interaction effects and corresponding responses of turbidity removal (%),

TSS removal (%) ,and COD removal (%), (high level coded as 1, low level coded as -1).

Standard Main effects Interaction Effects Response

A B C AB AC BC ABC Turbidity TSS COD

(%) (%) (%)

1 1 1 1 1 1 1 1 73.6 79.9 70.2
2 -1 -1 -1 1 1 1 -1 55.2 82.1 38.8
3 -1 1 1 -1 -1 1 -1 78.8 77.7 56.2
4 1 -1 -1 -1 -1 1 1 44.8 75.5 44.6
5 1 1 -1 1 -1 -1 -1 60.1 744 669
6 -1 -1 1 1 -1 -1 1 64.5 78.1 50.0
7 1 -1 1 -1 1 -1 -1 82.8 86.7 61.8
8 -1 1 -1 -1 1 -1 1 76.1 66.9 42.5
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Table B. 9 Effect coefficient ANOVA results for statistically tested effects of the factors (A=

rapid mixing; B= slow mixing; and C= polymer addition) on turbidity removal, p-value =0.05.

Factors Effect SS df MS F p-value
A -3.319 44.07612 1 44.07612  2.146596 0.18105
B 10.359 429.2486 1 429.2486  20.90527 0.00182
C 15.910 1012.472 1 1012.472  49.30944 0.00011
AB -7.250 210.2346 1 210.2346  10.23885  0.012616
AC 9.844 387.5817 1 387.5817 18.876  0.002463
BC =1.775 241.8119 1 241.8119  11.77672  0.008932
ABC -4.478 80.21287 1 80.21287  3.906528  0.083501
Error 164.2643 8 20.53304
Total 2569.902 15 171.3268

Table B. 10 ANOVA results for statistically significant effect of the factors (A= rapid mixing;
B=slow mixing; and C= polymer addition) on TSS removal, p-value =0.05.

Factor Effect SS df MS F p-value
A 2.936 68.97827 1  68.97827 4.780792 0.038763
B -5.890 2774911 1 277.4911 19.23254 0.000198
C 5.899 278.3648 1  278.3648  19.2931 0.000195
AB 1.931 29.83403 1  29.83403 2.067757 0.163355
AC 2.473 489418 1 48.9418 3.392091 0.077902
BC 2.293 42.06318 1  42.06318 2.915343 0.100647
ABC -5.110  208.8672 1  208.8672 14.47631 0.000862
Error 346.277 24 1442821
Total 1300.817 31 41.96185
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Table B. 11 ANOVA results for statistically significant effect of the factors (A= rapid mixing;

B= slow mixing; and C= polymer addition) on COD removal, p- value =0.05.

Factors Effect SS df MS F p-value
A 14.008 1569.736 1 1569.736 55.12949 0

B 10.159 825.7019 1 825.7019 28.99884 0

C 11.360 1032.325 1 1032.325 36.25549 0
AB 5.178 214462 1 214462 7.531955 0.011292
AC -1.143  10.44927 1 10.44927 0.366981 0.550341
BC -2.855 65.21448 1 65.21448 2.290347 0.143239
ABC -4.108 1349801 1 1349801 4.740532 0.039522
Error 683.3669 24 28.47362

Total 4536.236 31 146.3302
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Figure B. 2 Normal probability plots for residuals and residual versus predicted removals: a, b
for turbidity removal, ¢, d for TSS removal and e, f for COD removal. Note: n-score values were
calculated using excel equation NORMSINV(P) and P calculated by using equation P=(i-0.5)/n ,

where 1 is ranking number of residual measurement in ascending order, n is total number of
measurements.
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Appendix C

Table C. 1 Two-Way ANOVA results evaluate statistical significance impact on E. coli
inactivation from three factors: A= ferrate dose (10, 5 mg/L), B=Temperature (temperature 19 ,9
°C), C= contact time (10,3 minutes).

SS df MS F p-value sig

A 14.6 1.0 14.6 78.2 0.0 yes

B 1.0 1.0 1.0 5.5 0.0 yes

C 0.6 1.0 0.6 3.0 0.1 no

AxB 1.1 1.0 1.1 5.6 0.0 yes

AxC 0.2 1.0 0.2 1.3 0.3 no

BxC 0.4 1.0 0.4 1.9 0.2 no

AxBxC 0.4 1.0 0.4 2.2 0.2 no
Within 1.5 8.0 0.2
Total 19.8 15.0 1.3

Table C. 2 ANOVA test summary for temperature effect on the ferrate-decay rate constant

determined under different temperatures

Sources SS df MS F P value
Between Groups 0.04  1.00  0.04  0.29 0.62
Within Groups 052 4.00 0.13
Total 0.55 5.00 0.11

Table C. 3 The calculated half-life of ferrate corresponded to different doses under different

temperatures during the disinfection kinetic experiment.

t1/2, min
Temperature Co 19 9
Ferrate (10 mg/L Fe) 0.66 0.72
Ferrate (8 mg/L Fe) 0.48 0.62
Ferrate (5 mg/L Fe) 0.20 0.35

Table C. 4 The obtained p-values based on the Goodness of fit test using Anderson-Darling Test

rejection p-value= 0.05.

Fe(VI) 5 8 10
(mg/L Fe)
Temperature 9 19 9 19 9 19
O
Collins-Selleck 0.51 1.00 0.83 0.98 0.74 0.69
Chick-Watson 0.62 0.69 0.89 0.90 0.79 0.49
Hom 0.51 1.00 0.92 0.98 0.84 0.69

264



Table C. 5 summary of previous studies examined ferrate inactivation kinetic of different
microorganisms using different water matrices.

Microorganism/ Water matrix Disinfection model/ rate Reference

disinfectant constant (k) L/(mg min)

E. coli ferrate PBS! Chick-Watson/ (Cho et al., 2006)
£=0.625

E. coli / ferrate model tap water Chick-Watson (Jiang et al., 2007)
k=0.687

E. coli /ferrate ballast water Chick-Watson/ £=0.39 (Jessen et al., 2008)

(model water) Hom / k=2.345

Bacillus subtilis PBS Delayed Chick-Watson/ (Makky et al., 2011)
spores/ ferrate and k ferrate =0.034

ozone k ozone=0.9

Bacteriophage PBS Chick-Watson (Hu et al., 2012)
MS2/ ferrate k=2.27

Total coliform / SE? Chick-Watson (Kwon et al., 2014)

ferrate k= 0.493
E. coli/ ferrate wastewater of Chick-Watson/ k= NA* (Elnakar and Buchanan,
WWE? Hom / i=NA 2019)

Murine Norovirus SE / PBS Chick-Watson/ (Manoli et al., 2020)

(MNV) KMNv,sz: 0.075

and Fecal Kvnv, sen=.135

Coliforms/ferrate Krc,sen=2.08

E. colil ozone SE/PBS Chick-Watson/ (Czekalski et al., 2016)
Kpps= 8.04 x 10°
KSE: 192 X 103

E. coli / peracetic SE Chick-Watson (Campo et al., 2020)

acid (PAA) and kpaa=0.148x 107

performic acid kpra=0.148 x 107

(PFA)

E. coli/ chlorine SE Chick-Watson (Owoseni et al., 2017)

k=0.151

! phosphate buffer solution’ 2 wastewater of secondary effluent, > wet weather flow sample, # not

available
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Table C. 6 ANOVA test summary for temperature effect on E. coli inactivation rate constant in
the ferrate disinfection process determined under different temperatures

Sources SS df MS F Pvalue
Between Groups 0.13 1.00 0.13 4.10 0.11
Within Groups 0.13 400  0.03
Total 0.25 5.00 0.05
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Appendix D

Table D. 1 The concentration of the stock solutions for the selected model compounds

Model compound Stock

solution

concentration

(mg/L)
atrazine 25
fluconazole 100
mecoprop 100
diazinon 25
carbendazim 5
perfluorooctanoic acid 100
carbamazepine 10
sulfamethoxazole 100
trimethoprim 100
clindamycin, 25
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Table D. 2 Physicochemical properties of the selected MPs with chemical formula, class, pKa,
log kow and chemical structure.

No. Model Formula Class pK. log Kow | Chemical structure
Compound
Q
. . 4.2- 1.49- N >—OCH3
1 Carbendazim CoHoN30, Antifungal | "o 5o ©:N/>7NH
. s
2 Fluconazole CisH2N6OF2 | Antifungal 2.27 0.25 /E:EIONZ«TAN
F F S
3 Atrazi CsHisNsCl herbicid 1.6 2.61 S
razine sH14Ns erbicide . . )\H )|\N )\H/\
. . O
4 Mecoprop CioH1:105Cl herbicide 3.78 33 I
cl 0% “OH
HgCICHg
5 Diazinon Ci2H2iN2OsPS | insecticide 2.6 3.81 NTON % oHs
LA
Perfluorooctanoic 1.92 VRERS §
u JL- F
6 acid (PFOA) CsHF 150, surfactant 1.3 759 o1 X O OH
FFFFFFF
1 I\ D _ I/
7 Carbamazepine CisHi2N>O anticonvuls 13.9 2.45 d X N
ant 07 ™ NH;
o]
Ifamethoxazol ibiotic | 1 Y
8 Sulfamethoxazole CioH11N30O5S antibiotic .7,5.6 0.89 HEN/Q/O @cm
I }
9 | Trimethoprim | CiHisNsOs | antibiotic | 7.12 | 091 A »
10 Clindamycin | CisHyN20sSCI | antibiotic | 7.79 2.16 e 5
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Figure D. 1 Radical species contribution in the degradation of model compounds by ferrate: a)
CLN (Co=100 pg/L), ferrate Fe(VI)= 1 mg/L Fe), b) DZN (Co=100 ng/L), (Fe(VI)=3 mg/L Fe).
Ferrate alone denoted as Fe(VI), ferrate with hydroxyl radical scavenger tert-Bytyl alcohol
(TBA) denoted as Fe(VI) +TBA and ferrate with superoxide radical scavenger para-
benzoquinone denoted as Fe(VI) + pBZQ. The concentration of radical scavengers was 1 mM
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