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Urine is a nutrients-rich containing solution that can be retained and utilized for ag-
ricultural purposes. Unfortunately, it is considered a waste that is lost in the existing
conventional wastewater treatment. Swedish University of Agricultural Sciences
(SLU) has conducted technologies that concern the treatment of source-separated
urine aiming to convert human urine to a green fertilizer.

However, this technology is limited due to the presence of high concentrations of
organic compounds in urine, which obstruct the urine dehydration process to pro-
duce a solid fertilizer. This research aims to provide a practical solution for remov-
ing organic compounds from urine by using the Fenton reagent-based Advanced Ox-
idation Process (AOP).

The results of the study demonstrated an 80% removal in the Chemical Oxygen De-
mand (COD) from urine. Further analysis showed a 30% decrease in nitrogen con-
centration in urine after the treatment. The loss in nitrogen is attributed to the oxi-
dation of chloride ions forming chloride radicals, that oxidise nitrogen compounds
to nitrogen gas Nz in a series of reactions. Moreover, phosphorus ions were found to
react with ferrous/ferric iron, leading to the formation of iron phosphate (precipi-
tate).

The outcomes of this research can be implemented to enhance urine treatment at
SLU. Furthermore, this study contributes to Sustainable Development Goals 2, 3, and
6 in promoting food security, contributing to public health, and improving water
sanitation.

Further research will be conducted to investigate the fate of pharmaceutical by-
products found in the urine after the Fenton oxidation process. Another research
project will also aim to enhance nitrogen and phosphorus recovery observed in this
study.
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ABBREVIATIONS AND TERMS

TCOD: Total chemical oxygen demand
COD: Chemical oxygen demand

CF: Concentration factor

TON: Total oxidised nitrogen

TN: Total nitrogen



1 INTRODUCTION

Nutrient recycling has gained wide interest from recent technologies to under-
stand how to sustain and preserve the nutrient cycle. (Jiaying et al., 2022) Nutri-
ents such as nitrogen (N), phosphorus (P), and potassium (K) are essential in
supporting plant growth and have a significant influence on the food chain. Un-
fortunately, the cycle of these nutrients is not closed, i.e., some are lost in the

form of gas or complex compounds.

Wastewaters are nutrient-containing solutions that are ultimately discharged into
the swage pipelines and eventually reach the existing conventional wastewater
treatment, where valuable resources are being lost. Nitrogenous compounds are
lost in the denitrification process of the treatment in the form of nitrogen gas (N2).
Precisely, the action of the nitrifying bacteria converts nitrate (NOs3) ions back to
nitrogen (N2) gas. (Wang and Chu, 2016) While phosphorus and potassium loss
occur in the form of a sludge complex during the coagulation/flocculation process,
using a chemical coagulant (e.g., aluminium sulfate). (Lépez-Maldonado et al.,
2014)

The loss of these nutrients not only poses a threat to the environment through
eutrophication, but it also threatens the global food supply and nutrient sustaina-
bility. To address this challenge, it is important to seek an alternative method

aiming to retain these nutrients and preserve their cycle.

Urine, one of the wastewater streams, contains a rich composition of essential
nutrients that end up being lost during the current conventional treatment meth-
ods. On average, an individual excretes about 500 L of urine per year, which is
equivalent to approximately 5.6 kg of nitrogen (N), 0.4 kg phosphorus (P), and 1
kg of potassium (K). However, urine composition and volume can vary among
individuals depending on factors such as food diet, physical activity, body size,
and environmental conditions. (Vinneras, Jonsson, 2002)

Besides nutrients, urine excretes a high concentration of organic material with the

measured Chemical Oxygen Demands (COD) of about (5 — 10) g/L. (Putnam,
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1971) Including medicine residuals, and hormones, which cause severe contam-
ination when they reach the environment. Drugs and pharmaceuticals ingested
in the human body are consumed partially, and about 70% excrete during urina-
tion. (Ozel Duygan et al., 2021)

The emerging approach of source separation of urine has been facilitated by the
Swedish University of Agricultural Sciences SLU for several decades. Technolo-
gies concerned with sustainable nutrient recovery from urine, offer a solution to
address the challenge of nutrient loss occurs. At SLU technology, the focus is to
treat the urine separately to recover nutrients and produce fertilizer. Two com-
monly employed methods at SLU involve alkalization or acidification treatment of
urine, followed by dehydration in a substates mixture (e.g., wheat bran and bio-
char) to produce a solid fertilizer. (Simha et al., 2020, Simha et al., 2023)

This technology currently faces a limitation due to the presence of a high concen-
tration of COD in the final fertilizer. The high COD levels contribute to undesirable
properties in the fertilizer, such as odour and hindered dehydration rates. To over-
come this challenge, this research proposes the utilization of the Fenton reagent-
based Advanced Oxidation Process (AOP) to remove COD effectively from acid-

ified urine.

The study aims to investigate the optimal parameters of the Fenton reagent
based AOP for achieving efficient COD removal in urine. This entails a compre-
hensive examination of some factors that influence the oxidation process such
as the hydrogen peroxide dose, ferrous iron dose, pH condition, temperature, and
reaction time. By optimizing the process parameters, this study intends to en-
hance the efficiency of urine treatment in the SLU technology to convert urine into

hygienically safe fertilizer while addressing the COD issue.

It is important to note that this study specifically focuses on the Fenton oxidation
process of organic compounds in urine, and it does not explore the dehydration
process of the treated urine or conduct a pharmaceutical analysis. Further study
is planned to examine the fate of pharmaceutical by-products in urine after apply-

ing the Fenton reagent-based Advanced Oxidation Process (AOP). Additionally,
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another research project will aim to enhance nitrogen and phosphorus recovery

observed in this study.

In the context of the Sustainable Development Goals (SDGs), this research con-
tributes to several targets. First, by addressing the loss of nutrients in wastewater
and promoting nutrient recovery to enhance food availability, this research sup-
ports SDG 2 (Zero Hunger) and aligns with SDG 6 (Clean Water and Sanitation),
which seeks innovative wastewater treatment solutions that minimize environ-
mental impact and preserve valuable resources.

By preserving the natural cycle of these nutrients, this research contributes to the
transition toward a circular economy in wastewater management. Lastly, by in-
vestigating the removal of pharmaceuticals, this research contributes to SDG 3
(Good Health and Well-being) by addressing the potential risks associated with
pharmaceutical residues in the environment. (THE 17 GOALS | Sustainable De-

velopment, n.d.)



2 Theory

2.1 Human urine composition

Human urine comprises about 95 % water and 5 % dissolved solids (organic and
inorganic compounds), which are the end-products of various functions occurring
in the human body. (Putnam, 1971) These compounds are classified as nitroge-

nous, hormones, vitamins, organic acids, and other compounds.

The main organic compounds found in human urine are urea (CH4N20), creati-
nine (C4H7N30), creatine (C4H9N3O2), citric acid (CeHsO7), Glucuronic acid
(CeH1007), and organic ammonium salts. Urea contributes to 80% of the total ni-
trogen in urine.

Dominant inorganic salts are sodium phosphate (NaH2PO4), potassium chloride
(KCI), sodium chloride (NaCl), and potassium sulfate (K2SOa4). The rest are low

concentrations of organic acids and inorganic salts, as seen in Tables (1 and 2).
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TABLE 1. Organic compounds in human urine at a concentration > 0.1 g/L. (Put-

nam, 1971)

Name

Urea

Creatinine

Citric acid
Glucuronic acid
Tyrosine

Creatine

Uric acid

Glycine

Phenol

Histidine

Lactic acid

Glutamic acid
Androsterone
1-Methyl-L-histidine
beta-D-Glucose pentaac-
etate

Imidazole

Taurine

Aspartic acid

Molecular weight

g/mole
60.1
113.12
192.12
194.14
181.19
131.13
168.11
75.07
94.11
155.15
90.08
147.13
290.4
169.18

390.34
68.1
125.15
1331

Concentration in

urine, mean

g/L
16.3

1.5
0.51
0.475
0.381
0.373
0.355
0.315
0.292
0.233
0.215
0.195
0.174
0.173

0.156

0.143

0.138
0.12

Solubility in H20
g/L
545
80.1
592

Missing
0.453
133
0.06
249
82.8
45.6
1000
8.57
0.0012

Missing

1.5
663
94.9
5.39
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TABLE 2. Inorganic salts in human urine with a concentration > 0.05 g/L. (Put-
nam, 1971)

Concentration in urine

Name (mean) g/L
Sodium Chloride 8.001
Potassium Chloride 1.641
Potassium Sulfate 2.632
Magnesium Sulfate 0.783
Sodium phosphate 0.6
Magnesium Carbonate 0.143
Potassium Bicarbonate 0.661
Potassium Phosphate 0.234
Calcium Phosphate 0.062

The approximate pH value of human urine is around 7 and holds a COD value
between 5 - 10 g/L, and 7 g/L is the average value. (Putnam, 1971) Human urine
is recognized due to its yellow colour, which belongs to the pigment urochrome
or urobilin. The more concentrated urine is the darker colour it gets. A healthy
person excretes an average amount of 1.5 litres of urine per day. Additionally,
urine holds concentrations of residual antibiotics, hormone drugs, and pharma-
ceuticals, which are considered the major contaminants in water pollution. (Li et
al., 2023)

2.1.0 Urine Treatment to produce fertilizer

Treatments involve the recovery of nitrogen, potassium, and phosphorus, other
nutrients found in urine to produce fertilizer. Treating urine is beneficial in many
perspectives, besides recovering nutrients, water can be recovered as well. Nu-
trient recovery from urine can be a greener route for fertiliser production than the
typical way, the Haber Bosch process, which demands high energy. (Haber-
Bosch Process, n.d.) Also, treating urine separately limits the fate of pharmaceu-

ticals and prevents them from reaching the environment.
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To produce safely hygienic fertilizer, urine must undergo either physiochemical
or biological treatments under certain conditions. Treatments aim to achieve the
removal of contaminants such as pharmaceuticals by-products excreting with
urine. It also involves oxidation of organic compounds with preserving nitrogen
(urea).

Urine contains mostly water, which can be removed by applying a dehydration
treatment aiming to produce a solid fertilizer. The urine concentration factor (Cf)
is calculated as the mass ratio of the urine add (g) to the urine remaining (g) after

drying, as shown in equation (1). (Simha et al., 2022)

Urine mass added (grams) (1 )

Cf = Grine mass remainea (grams)

Globally, there are many technologies concerning urine treatment to produce
safe fertilizer. At the Swedish University of agriculture sciences, nutrient recovery
from urine is done through alkalizing/acidifying, then dehydrating the urine to pro-
duce a solid fertilizer. The alkalization process produces a fertilizer with a capacity
of 10% N, 1% P, and 4% K. (Simha et al., 2020) At which, urine is alkalized to pH
= 10 using magnesium oxide MgO then dehydrated at 50 °C in a substate mixture

containing biochar and wheat bran.

While in the treatment of acidifying the urine using either organic (citric acid) or
inorganic (sulfuric acid) acids then drying it at an ambient temperature (20°C +
2). This treatment yielded a solid fertilizer with a nutrient capacity of 17.9-21.2 %
nitrogen, 1.1-3.6 % phosphorus, 4.2-5.6 % potassium, and 15.4-19.4 % carbon.
(Simha et al., 2023) The obstacle in the alkalization urine treatment is the formed
calcite during the process while in the acidification treatment, no calcite formation

OCcCurs.

The aim of stabilizing urine under basic or acidic conditions is to prevent urea
hydrolysis, which is caused by urease enzymes, that are found naturally in human
urine and the surrounding environment. Urease enzymes are activated at pH con-
ditions ranging between 5 and 9. It hydrolyse urea into total ammonium nitrogen
TAN= (NHs + NH4*) and carbonic acid. The formation of ammonium ions or am-

monia shifts the urine pH from near neutral to = 9. Thus, to preserve urea, urine
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must be alkalized to a pH of 2 10 or acidified to a pH of < 4 before the dehydration

process. (Simha et al., 2023)

SLU has conducted further investigation into the inactivation of pathogens in al-
kalizing/dehydrating urine treatment which stated, that drying the urine under
basic conditions (pH = 10) led to the inactivation of several microorganisms such
as Ascaris suum, Enterococcus faecalis, bacteriophages MS2, ®X 174 and sal-

monella app. (Senecal et al., 2018)

Furthermore, urine treatment can be done through a nitrification process, in which
urine is treated biologically to produce fertilizer. This treatment is done in a biofilm
reactor as follows; urea is first hydrolysed by urease enzymes to produce TAN
(NHs + NH4"), which is then oxidized into nitrite NO2 and then into nitrate NOs by
nitrifying bacteria. This process is done under aerobic conditions at a sensitive
pH range between 7 and 8. (Tarre & Green, 2004) Additionally, this treatment is
combined with a filtration process, utilizing a granular activated carbon filter for
the sake of micropollutants removal from nitrified urine. (Ozel Duygan et al., 2021)
Applying this treatment, produces a high-nutrient solution that can be used for

agricultural practices.

Physical urine treatment is done through membrane filtration processes such as
the two-step process of forward osmosis and membrane distillation. (Ray et al.,
2019) Other combined treatments, hybrid nanofiltration, and reverse osmosis

processes. (Courtney & Randall, 2022)

2.1.1 The Removal of organic compounds from human urine

Human urine excretes various types of organic compound complexes, as seen
in Table (1). Also, it is shown in Figure (1), urea and creatinine compounds are
the major organic compounds in urine. The remaining organics are classified
as, amino acids and organic acids.

Organic compounds are removed from urine for many reasons: They affect the

water activity thus obstructing the evaporation rate, they inhibit the degradation
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of the micropollutants (e.g., during UV treatment), and add undesired smell to

the final fertilizer.

Organic compounds in urine

7

= Urea
= Creatinine

FIGURE 1. Shows the major organic compounds in human urine. (Putnam,
1971)

These organics are degraded in several pathways chemically or physically.
Chemical degradation is referred to oxidation methods (e.g., Fenton AOPs, ozo-
nation, chlorination), that involve electron transformation (losing electron). (Lee,
Shoda, 2008, Ozone Used for COD Reduction in Wastewater — Oxidation Tech-
nologies News, n.d.)

Physical treatments refer to nanofiltration using membrane technologies as well

as granular active carbon filtration processes. (Kopping et al., 2020)

2.2 Fenton’s Regent-based Advanced Oxidation Process

Fenton’s reagent-based advanced oxidation process was invented in 1894 by the
chemist Henry John Horstman and followed by further discussions and studies
by Haber, F. and Weiss, J. Barb, W.G. et al. (Arsene & Gorinchioy, 2019) The
process involve the formation of the reactive specie hydroxyl radical «OH, that
occurs when mixing hydrogen peroxide solution and an iron solution containing

ferrous (Fe?*) in an acidic medium.
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Hydroxyl radical *OH oxidizes organics to form end-products of CO2, water, and
inorganic salts (if inorganics are present in the influent). The standard redox po-
tential of the hydrogen peroxide is 1.8 V, while the hydroxyl radical is 2.8 V at the
standard hydrogen electrode. (Hydrogen Peroxide, n.d.) Fenton AOP is widely
used in water sanitation systems for COD/BOD removal. (Lee, Shoda, 2008)

It is one of the most effective disinfecting methods against germs and microbes.
This process is usually followed by an additional filtration treatment such as a

granular activated carbon filter.

In Fenton’s reagent, ferrous ions Fe?* activate hydrogen peroxide, forming hy-
droxyl radicals *OH. The reaction continues to regenerate the ferrous ions (Fe?*).
(Xu et al., 2020) In the first phase of the reaction, the ferrous ions are oxidized by
the hydrogen peroxide to form ferric ions Fe3* and hydroxyl radicals *OH and
hydroxide ions OH-, as shown in equation (2).

In the next phase of the reaction, ferric ions react with the hydrogen peroxide in
a redox reaction to regenerate ferrous ions as well as forming secondary hydroxyl

radicals *HOz2, and hydrogen ions H*, as shown in equation (3).

Fe2" + HoO2 — Fe®* + «OH + OH" K1= 63.5 M-1.S" (2)
Fed* + H202 — Fe2* + *HO2 + H* K2=0.001-0.01 M.8"  (3)

However, the second reaction is slower than the first reaction at about three-or-
der magnitude. To initiate Fenton oxidation, it is important to determine the Fe
(Catalyst)/H202(oxidant) molar ratio, pH condition, and mixing time. (Xu et al.,
2020)

Another study done by Bray, W.C., and Gorin, M.H. suggests the formation of the
active ferryl-oxo complex during Fenton’s reagent-based oxidation process,
(equations 4 and 5). (Arsene & Gorinchioy, 2019) Extensive studies followed to
illustrate the mechanism of this reaction; However, no evidence could identify the
intermediate formation due to the short lifetime of the reaction.

Fe?* + H202 — FeO?* + H20 (4)
FeO?* + H202 — Fe?* + H20 + O2 (5)
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The Fenton oxidation process is effective but has some obstacles, including
chemical dose, a large formation of ferric oxide sludge during treatment, and de-
mand for a strong acid to proceed with the reaction performance. (Pathania et al.,
2020, Xu et al., 2020)

2.2.0 Optimal parameters

Evaluating the Fe:H>O, molar ratio

The chemical dose of the ferrous ions to the hydrogen peroxide Fe:H202 is one
of the limiting factors in the initiation of the hydroxyl radical *OH. Precisely, Fer-
rous iron Fe?* is the limiting reactant in the Fenton reagent based AOP. Further-
more, the optimal dose of hydrogen peroxide H202 and ferrous ion Fe?* depends

on the type of the treated solution.

Since COD content characterizes the quality of water; domestic wastewater holds
a COD value of about 2,000 mg/L, pharmaceutical wastewater has a high con-
centration of organic matter with a COD content ranging between 4,000 to 10,000
mg/L, whereas, in unpolluted surface water, the COD value is between 5 to 20
mg/L. (Ling et al., 2016, Shetty & Verma, 2015, Sum Parameters: Potential and
Limitations - ScienceDirect, n.d.)

According to the legislation of the world health organization (WHO), the COD

level of drinking water must not exceed 80 mg/L. (Olayinka et al., 2013)

Evaluating the Fenton’s reagent-based AOP on pharmaceutical wastewater, it
appeared that a dose of 900 mg/L of the hydrogen peroxide at a 1:3 Fe:H20:2
molar ratio has achieved a maximum COD removal of >90%. (Shetty & Verma,
2015) Landfills, present a large amount of organic carbon and nitrogen-containing
compounds that end up in the leachate. To treat landfill leachate with the Fenton
reagent AOP, a 1:1.5 Fe:H202 molar ratio is required. (Zhang et al., 20095) In the
decolorization process, a 1:40 Fe:H202 molar ratio is the most applicable molar
ratio. (Papi¢ et al., 2009).

The difference between the mentioned wastewaters is the COD content and it

appears that the ratio of the reactants Fe:H202 depends on the amount of the
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TCOD (mg/L) as well as depending on the matrix type of organic and inorganic

substances found in the treated wastewater.

Evaluating the pH condition

In most Fenton AOP literature, a pH condition of 2.8 is the optimal condition to
achieve an effective oxidation treatment. (Saharan et al., 2014) This occurrence
is strongly related to the dissociation of iron in an aqueous medium, at a pH con-
dition just below 3 presenting both free ferrous Fe*? and ferric Fe*3 ions. (Furcas
et al., 2021)

At a pH value above 3, the ferrous ions are dissociated in another form of iron
Fe(OH)2 compounds (K-value = 586 M~'.s™"), which are 10 times more reactive
than the ferrous ions Fe?* (K-value = 40 - 80 M~'. s7") at 0.1 M ionic strength and
25°C. (Pignatello et al., 2006)

Furthermore, at a pH value below 2.5, hydroxyl radicals are scavenged by the
hydrogen ions *H forming water, leading to the degradation of hydrogen peroxide.
At the same pH conditions, ferrous ions start to dissociate into (Fe(Il)(H20))*?,
which is another form of ferrous ions, that reacts slower with hydrogen peroxide

than the ferrous ions Fe?*. (Saharan et al., 2014)

At higher pH conditions (l.e., Between 4.5 - 6), ferric iron Fe3* that is formed in
the first reaction (equation 2) undergoes a hydrolysis reaction and eventually pre-
cipitates as inactive iron salts, which are called Schwertmannite, ferrihydrite, and
goethite. (Rose, 2010) This precipitate leads to the reduction of iron Fe3* ions,
thereby, inhibiting the regeneration of ferrous ions, interrupting the Fenton oxida-
tion process. Additionally, the oxidation potential of the hydroxyl radical de-
creases at high pH conditions, at which it degrades to produce water and Oa2.
(Saharan et al., 2014)

2.2.1 Fenton oxidation of organic/inorganic compounds

The Oxidation process of organic and inorganic compounds in the Fenton rea-

gent AOP belongs to the oxidative potential attack of the free hydroxyl radical
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*OH. There is literature available on the rate constant (K-value) for the reaction

between some organic compounds and the hydroxyl radicals, see table (3).

TABLE 3. Shows the oxidation capacity of the hydroxyl radical «OH against some

organic/inorganic compounds. (Dorfman et al., 1973)

Compound K-value M. s™"
Urea 7.9x10°
Amino acids 107-108
Carbohydrates 108-1010
Pharmaceuticals 109-1010
Simple peptides 10’ -10°9
Chloride 43x10°
Dioxane 2.4 x10°
A-dimethyl trimethyl acetamide 4.0 x 10°

The reaction between the hydroxyl radical *OH and organic compounds targets
the organic molecules’ centre carbon, creating oxidizable carbon radicals Re. In
other meaning, losing a hydrogen ion H from the chain of organic molecules C—
H, N—H, O—H.

On the other hand, with double-bonded molecules C=C or aromatic rings, the
hydroxyl radical is bonded to create further oxidizable radicals, as shown in equa-
tions (6, 7, and 8). (Pignatello et al., 2006)

«OH + R—H — H20 + R+ (6)

«OH + C=C — OH—C—C-~ (7)
HO* + © e — @ —> {urther reactions

H OH (8)

Eventually, the end-product in the Fenton oxidation process of organics and in-
organics leads to the formation of CO2, H20, inorganic salts, and inorganic ac-
ids. (Pignatello et al., 2006)
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2.2.2 The impact of inorganic compounds on Fenton reagent based AOP

Depending on the matrix of the treated wastewater, Fenton oxidation of organic
compounds can be inhibited in the presence of some inorganic ions such as sul-
fate, phosphate, bromide, and chloride. Regarding the ionic concentration of
these ions in the treated solution, the inhibition can be either scavenging the hy-
droxyl radical *OH, iron precipitation in the presence of phosphate to form iron
(lIl) phosphate or vivianite, or the reaction between the hydrogen peroxide and
the ferric ions Fe3* to form less reactive iron species such as Fe(HO2)?*. (Pig-
natello et al., 2006)

In the presence of phosphorus ions, ferric ions Fe3* formed in the second reaction
(equation 3) tend to form a precipitate of iron (|||) phosphate.

Sulfate ions present in the wastewater have impacts on the Fenton oxidation pro-
cess by coordinating ferric ions to bind with sulfate ions to form soluble iron com-
plex FeSO4* and Fe(SOa)27, which are unreactive with hydrogen peroxide H20:.
(Pignatello et al., 2006)

Halides, chloride CI- and bromide Br ions are found in wastewater at certain con-
centrations (For CI- above 0.01M at pH 2.8) inhibit the Fenton oxidation process
by scavenging the formed hydroxyl radicals. Meaning, hydroxyl radicals tend to
oxidize halide ions (Cl- and Br-) forming halide radicals, resulting in further oxida-
tion stress against organics to form chlorinated by-products. (Clark et al., 2021)
Chlorate, perchlorate, organic and inorganic chloramines are chlorinated by-
products that are considered hazardous environment compounds. Perchlorate is
highly persistent in the environment and disturbs the thyroid gland production in
the human body. (Perchlorates | Public Health Statement | ATSDR, n.d.) The
oxidation of halides towards organic compounds occurs via H-abstraction or ad-

dition, as shown in equation (9). (Pignatello et al., 2006)

HOe« + X- = HOXe~ (H*(-H20)) (9)

In the case of H-abstraction, the end-product would be mineralization, whereas
in H-addition forms organohalides compounds.
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3 Methods

3.1.1 Materials

Chemicals used in the experiment were hydrogen peroxide 50 % (wt.) solution
(VWR, Germany), Iron sulfate heptahydrate (Merck, Germany), Titanium (IV)
oxysulfate — 27 — 31 % sulfuric acid hydrate reagent (Merck, France), Sulfuric
acid 95 % solution (Merck, Germany). Other chemicals of analytical grade were
1M sodium hydroxide solution, 2 M citric acid solution, 1 M sulfuric acid, and ox-

alic acid.

Chemicals used to prepare the synthetic urine solutions are sodium phosphate
monobasic dihydrate, sodium chloride, calcium chloride, potassium chloride,
urea, sodium sulfate monohydrate, magnesium chloride hexahydrate, ammo-
nium chloride, and 5 M potassium hydroxide solution. These common chemi-

cals are of analytical grade.

3.1.2 Preparing ferrous iron Fe?* stock solution

To prepare iron sulfate heptahydrate stock solution, 12.265 g of FeS0O4.7H20
was dissolved in a flask containing 100 mL Milli-Q water. The Milli-Q water was
pre-acidified to a pH condition of 2 by adding 95 % sulfuric acid. The solution
was mixed for 15 minutes using a magnetic stirrer (101222013, VWR, USA) to
allow iron dissolution (Becomes light green colour). The pH increased when the
iron sulfate heptahydrate was added, thus it must be maintained again to a pH
value of 2.

The flask beaker was kept closed during the mixing and storing phases using a
cap to prevent the free oxidation of iron from Fe?* to Fe3* by Oz gas found in the
air (21 %).
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3.1.3 Preparing synthetic urine

Synthetic urine was prepared at different concentration factors, Cf1, Cf5, and
Cf10 by dissolving the measured salts that are shown in Appendix 1 (1) Table
(4) in 1-liter milli-Q water using a glass bottle closed with a lid. The solution was

mixed for 5 minutes using the magnetic stirrer.

3.1.4 Collecting and drying real urine

Fresh urine was collected daily in sterile high density of polypropylene bottles
that were placed in three toilets in one of the SLU departments. Urine was col-
lected from different genders aged 25-60 years at different times of the day. At
the end of the day, the bottles were collected and poured into a 25-litre plastic
container containing 37,5 g of the 95 % sulfuric acid solution, which was enough
to acidify a total volume of 25-litre of urine to a pH value of 3. The urine was
mixed after every time of urine addition using OHS-40 digital overhead stirrer
(514997, VELP SCIENTIFICA, Italy).

The urine drying process to make concentrated urine was done in an incubator
(DC4600HPWR, Electrolux, Sweden). First, the acidified urine was poured into
a glass dish (Ikea, Sweden), which is then placed inside the incubator. During
the drying process, urine was added to reach higher concentration factors. After
reaching the desired concentration factor, the remaining urine including solid
particles was collected inside a 1-litre glass bottle. Urine concentration factors

Cf1, Cf5, and Cf10 were calculated by using equation (1).

3.2 Experimental procedure

The experiments were first conducted using synthetic urine, and later the focus
was shifted toward real urine. The investigation had three objectives, first opti-
mizing the Fe:H202 molar ratio of the catalyst iron sulfate heptahydrate to the
oxidant hydrogen peroxide. Second, optimizing the pH value that suits the reac-

tion, and third, kinetics evaluation of the reaction.



22

Fenton oxidation treatment was examined on three different urine concentration
factors (Cf1, Cf5, and Cf10), and the measurements were done in duplicate. The
pH condition of the reaction was adjusted using 1 M sulfuric acid/1 M sodium
hydroxide. The mixing time of the reaction was carried out for 2 hours under room
temperature (~ 22°C) and 1 atmospheric pressure. Before starting the oxidation
process, urine samples of the concentration factors Cf5, and Cf10 were filtered
by using 0.45 pm filters (17517489, Whatman, China).

The addition order of the reactants was performed by first, acidifying the urine,
adding the hydrogen peroxide, then adding the ferrous iron solution, and finally
pH adjustment.

In real urine, the hypothesis behind the study effect of the pH condition and the
Fe:H202 molar ratio are supported with COD analysis to identify the activation
pathway of the hydrogen peroxide against the removal of organic compounds

(l.e., radical, or non-radical pathway).

3.2.0 Synthetic Urine

Evaluation of the Fe:H>02 molar ratio

The first objective of this experiment was to examine the effect of the Fe:H20:2
molar ratio on the activation of the hydrogen peroxide (l.e., hydroxyl radical for-
mation). The experiment started by first, acidifying the synthetic urine to pH 3
using the 2 M citric acid. The citric acid was used to provide organic compounds
to the synthetic urine, which is containing about 4 grams of organic carbon. The
second step is the addition of the oxidant and the catalyst by applying 1 g
H202/L at three different Fe:H202 molar ratios of (1:5, 1:10, and 1:20).

Evaluation of the pH condition

The second objective of the experiment was to select the most suitable pH con-
dition that gives the highest activation in the hydrogen peroxide. This experi-
ment was done by acidifying the synthetic urine at three different pH values 2.5,
3, and 3.5 using 2M citric acid. Then, 1 g H202/L was applied at a fixed 1:5

Fe:H202 molar ratio.
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Kinetic study

The third objective of the experiment was to evaluate the kinetics of the Fenton
oxidation reaction in synthetic urine at selected interval reaction times while the
pH was fixed at 3 (using 2M citric acid) and 1 g H202/L was added at a fixed

1:5 Fe:H202 molar ratio.

3.2.1 Real Urine

Evaluations of the Fe:H202 molar ratio and the pH conditions

In real urine, the experiment was carried out at the same parameters that were
done on synthetic urine as well as using the same amount of hydrogen peroxide
(1 g H202/L). Except, the acidification of the real urine was done using the 95 %
sulfuric acid solution, and the study evaluation of the Fe:H202 molar ratio and the

pH condition were only done on real urine Cf1.

The Fe:H202 molar ratio was studied with a wider range of 1:8, 1:4, 1:2, 1:1, and
1.5:1 at a fixed pH of 3. The pH of the reaction was evaluated at 1.5, 2.5, 3, 3.5,
4,5, and 6 at a fixed 1:1 Fe:H202 molar ratio. It was not possible to perform a
kinetics evaluation on the real urine, further explanations are found in the next

chapter.

Evaluation of the urine concentration factor

Parameters (Molar ratio and pH) that were obtained from the previous studies on
the fresh urine of Cf1 were tested on urine samples having the concentration
factors Cf5 and Cf10. The reaction was carried out by adding 5 g H202/L, and 10
g H202/L, respectively at a 1:1 Fe:H202 molar ratio and a pH condition of 4.

The effect of the chemical dose

Another experiment was conducted on fresh urine Cf1 to see the effect of increas-
ing the chemical dose Fe:H202/L on the COD removal, at which 1, 2, and 4 g
H202/L were applied at a 1:1 Fe:H202 molar ratio and at a pH condition of 4.
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The effect of high chloride ion concentration on urea compound

After measuring the urea concentrations of the previous treatments, a follow-up
study was done to investigate the influence of chloride oxidation on the fate of
urea during the Fenton reagent based AOP in urine.

This experiment was carried out in closed bottles of a 100 ml size containing fresh
urine of Cf1 (Acidified to a pH of 4). In each bottle, a measured amount of sodium
chloride NaCl was added and mixed using the magnetic stirrer. The sodium chlo-
ride was added and dissolved before applying the Fenton reagent (Fe?* and
H202). The increment in the chloride concentrations was calculated based on the

initial concentration of the chloride ions presented in Cf1 fresh urine.

Mass balance analysis for ferrous iron Fe?*

A mass balance study was carried out to evaluate the fate of iron during the AOP.
The concentration of ferrous iron Fe?* was measured in the treated urine samples
using the Thermo Fisher Scientific Gallery Discrete Analyzer. Also, measuring
the ferrous iron concentration in the precipitate (sludge) by separating the formed
sludge using a funnel and a 0.45 um filter followed by a drying step using the
incubator.

After drying the filters (containing dried sludge), a measured amount of the dried
sludge (g/L) was collected and dissolved in 45 mL oxalic acid at a pH affinity
range between 2.5 — 3. Then measuring the ferrous iron concentration in the

Thermo Fisher Scientific Gallery Discrete Analyzer. (Lee et al., 2007)

3.3 Physicochemical analysis

3.3.0 pH, urea CH4N:20, nitrate NO3, ammonia NHs, chloride ions CI-, fer-

rous ions Fe?*, orthophosphate P, residual H202

The types of devices and test kits used in this experiment are:
1. pH measurements were done using the pH meter (CH-9100, Metrohm,
Switzerland) (x 0.05) that was calibrated before every experiment using
the three calibration regents of analytical grade 1.68, 4.01, and 7.
2. Urea concentration was measured in Thermo Fisher Scientific Gallery
Discrete Analyzer (98610001, Thermo Fisher Scientific, Germany). Using
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an enzymatic test of urease and glutamate dehydrogenase (GLDH) at
37°C using a 340 nm filter.

. Ammonia NH3 measurements were done in the Thermo Fisher Scientific

Gallery Discrete Analyzer, in which, ammonia reacts with hypochlorite
ions generated by the alkaline hydrolysis of sodium dichloroisocyanurate
to form monochloramine. This reacts with salicylate ions in the presence
of sodium nitroprusside at around pH 12.6 to form a blue compound. The
absorbance of this compound is measured spectrophotometrically at the
wavelength 660 nm and is related to the ammonia concentration by
means of a calibration curve.

. Nitrate NOs™ concentration was measured in a colorimetric test hydrazine
method in the Thermo Fisher Scientific Gallery Discrete Analyzer.

. The total nitrogen TN was measured by first diluting the urine samples to
a dilution factor of 1000-fold, 5000-fold, and 10000-fold for Cf1, Cf5, and
Cf10, respectively. Then using Spectroquant Crack Set 20
(1.14963.0001, Merck KGaA, Germany) to oxidize organic and inorganic
nitrogenous compounds into nitrate NO3™ by heating the solutions inside
the cells using Spectroquant Thermoreactor TR 420 (10421269, Merk
KGaA, Germany) at 120°C for 60 minutes. After heating and cooling, the
samples were added to 2,6-dimethylphenol (DMP) to form 4-nitro-2,6-di-
methylphenol using the Spectroquant Nitrate Test (1.09713.0002) (Merck
KGaA, Darmstadt, Germany) forming a coloured solution. The formed
coloured solution is measured spectrophotometrically using Spec-
troquant NOVA 60-A Colorimeter (10460731, Merck KGaA, Germany).
Total nitrogen measurements were done on both filtered (0.45 um filter)
and non-filtered urine samples.

. Chemical oxygen demand COD was measured by Spectroquant COD
Cell Test (At a range of 500-10000 mg/L) (HC17200, Merck KGaA, Ger-
many), in which, the soluble organic compounds in the treated samples
(Samples were filtered in advance using a 0.45 um filter) are oxidized in
a hot sulfuric solution of potassium dichromate, and silver sulfate cata-
lyst. The reaction cells were then heated to 148°C for 120 minutes using
the Spectroquant Thermoreactor TR 420 (10421269, Merk KGaA, Ger-
many) forming Chromium ions Cr3*. After heating and cooling Cr3*ions
are measured spectrophotometrically using Spectroquant NOVA 60-A
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Colorimeter (10460731, Merck KGaA, Germany), which determined COD
concentration (mg/L). Urine samples of the concentration factor CF5 and
Cf10 were diluted to a dilution factor of 10-fold before performing the
COD measurement to meet the range requirement of the test kits.

7. Chloride ions CI- were measured in the Thermo Fisher Scientific Gallery
Discrete Analyzer, using a colorimetric method of detection with mercury
(1) thiocyanate.

8. Ferrous ions Fe?* were measured in the Thermo Fisher Scientific Gallery
Discrete Analyzer using a colorimetric test at 37°C using a 510 nm filter
and 880 nm as a side wavelength. Ferrous iron (Fe?*) forms an orange-
red complex with 1,10- phenanthroline.

9. Orthophosphate P ions measurements were done in the Thermo Fisher
Scientific Gallery Discrete Analyzer. Orthophosphate ions react with am-
monium molybdate and antimony potassium tartrate (catalyst) under
acidic conditions to form a 12-molybdophosphoric acid complex. The com-
plex is then reduced with ascorbic acid to form a blue heteropoly com-
pound that is measured spectrophotometrically at the wavelength of 880
nm.

10.The hydrogen peroxide H202 was measured using a spectrophotometer
(N4100020, PerkinElmer-Inc, USA) at a wavelength of 405 by selecting an
absorbency range of 450 — 350. The measurements of the residual H202
started by creating a calibration curve of the XY-axis, where hydrogen per-
oxide concentration is on the X-axis and the absorbance 405-wavelength
is on the Y-axis, shown in Figure (2). However, 1 mL of different concen-
trations of 50 % hydrogen peroxide containing 0.2 to 2.5 g/L was added to
1 mL Titanium (V) oxysulfate — 27 — 31 % sulfuric acid hydrate reagent
forming a coloured solution. Then complete the 10 mL total volume by
adding 8 ml of milli-Q water and measure the absorbency at 405-wave-
length to get a calibration curve. To measure the residual hydrogen per-
oxide concentration in the treated urine, plot the measured wavelength
values from the spectrophotometer in the modelling equation found in Fig-
ure (2).
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FIGURE 2. A modelling calibration curve for detecting hydrogen peroxide con-

centration in urine.
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4 Results and discussion
4.1 The chemistry of Fenton Reagent-based AOP in urine
4.1.0 The effect of Fe:H202 molar ratio on the COD removal

Synthetic urine
The activation of hydrogen peroxide is directly proportional to the Fe:H202 molar
ratio in the synthetic urine treatment. Increasing the Fe:H202 molar ratio, in-

creased the hydrogen peroxide activation, as shown in Figure (3).

In the treatment of Cf1 synthetic urine using 1 g H202/L, a 1:5 Fe:H202 molar ratio
was sufficient to allow 91% activation in the hydrogen peroxide at a fixed pH of
3. At the same parameters, a 1:10 Fe:H202 molar ratio achieved 42% activation
in hydrogen peroxide.

In the Fenton oxidation treatment of the concentrated synthetic urine, 45% acti-
vation occurred in the hydrogen peroxide at a fixed pH value of 3, using 1 g

H2O2/L at a 1:5 Fe:H202 molar ratio.
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FIGURE 3. The variation of hydrogen peroxide activation as a function of

Fe:H202 molar ratio in synthetic urine

The activation of hydrogen peroxide in the treatment of concentrated synthetic
urine required higher concentrations of iron Fe?*. The reason behind that could
be related to the high ionic strength in concentrated synthetic urine, which may

obstruct the hydrogen peroxide activation. (Pignatello et al., 2006)
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Synthetic urine samples of the concentration factors Cf5 and Cf10 hold higher
concentrations of organic carbons (Provided by the citric acid) than the synthetic
urine Cf1. Organic compounds could act as scavengers to ferric iron Fe3* that
formed in the first reaction (equation 2). Thus, these scavengers caused a reduc-
tion in the iron catalyst and inhibited further activation in the hydrogen peroxide.
(Xu et al., 2020)

Real urine

In real urine, the activation of hydrogen peroxide also occurred as a function of
increasing the Fe:H202 molar ratio, as shown in Figure (4). In the treatment of
Cf1 urine, it required a 1:1 Fe:H202 molar ratio to fully activate the hydrogen per-
oxide at a pH condition of 3. Furthermore, COD removal did not change ata 1.5:1
Fe:H202 molar ratio, thus the 1:1 Fe:H202 molar ratio was enough to activate all
hydrogen peroxide. Also, shown in Figure (4), a 33.6% removal in COD occurred
at a 1:1 Fe:H202 mole ratio, while the 1:2 Fe:H202 mole ratio reached 14.4%

removal in COD.
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FIGURE 4. The variation of the hydrogen peroxide activation as a function of
Fe:H202 Molar ratio in real urine (Cf1) at pH 3.

The results state, that in real urine, it was essential to add more of the ferrous
iron Fe?* to activate the hydrogen peroxide than in the case of the synthetic urine.
The difference between both urine solutions (real and synthetic) is the concen-

tration of organic complexes present in real urine, as shown in Table (1).
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One of the reasons behind the high demand for ferrous iron could be that the
organic compounds present in real urine are scavenging some of the ferric iron
Fe*3that is formed in equation (2) through a ligand exchange mechanism. (Ma et
al., 2022) As a result, forming a precipitate of organic compounds containing Fe®*.
Thus, the reduction in ferric iron led to a reduction in the ferrous iron (catalyst),

eventually interrupting the cycle of the Fenton oxidation process.

4.1.1 The effect of pH condition on the COD removal

Regarding the results that are obtained from the study effect of pH condition on

the activation of the hydrogen peroxide in both real urine and synthetic urine.

Synthetic urine

In the treatments of all the synthetic urine solutions (Cf1, Cf5, and Cf10), it was
observed, that a pH value between 2.5 - 3 was an effective condition to activate
the hydrogen peroxide compared to a pH of 3.5, using 1 g H202/L at a fixed 1:5

Fe:H202 molar ratio, as shown in Figure (5).
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FIGURE 5. Shows the effect of pH on the activation of hydrogen peroxide dur-
ing the Fenton Oxidation treatment of the synthetic urine at a 1:5 Fe:H202 molar

ratio.
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The theory behind the activation of the hydrogen peroxide in this case is related
to the iron speciation in an aqueous solution, at a pH range of 2.5 - 3 found both
iron Fe?* and Fe%*. While at a pH of 3.5 initiated low fractions of Fe?* and Fe®*,
which are essential in the Fenton reagent AOP occurrence. (Furcas et al., 2021,
Pignatello et al., 2006)

Real urine

In Cf1 fresh urine treatment occurred full activation in hydrogen peroxide at the
pH range 1.5 - 6, using 1 g H202/L at a fixed 1:1 Fe:H202 molar ratio. However,
the highest COD removal is 39%, which occurred at pH 4, as shown in Figure (6).
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FIGURE 6. lllustrate the COD removal at different pH conditions for fresh urine
Cf1 treated with 1 g H202/L at a 1:1 Fe:H202 molar ratio.

The Fenton reagent AOP cycle (equations 2 and 3) is expected to occur at the
pH range between 2.5-3, which involves the formation of ferric ions Fe3* and the

regeneration of the ferrous ions Fe?*. (Xu et al., 2020)

The difference in COD removal in the studied pH conditions is not significantly
high. However, observed less removal in COD concentration at the pH range of
2.5-3 compared to other pH conditions, suggesting that a portion of the reaction

might have followed a non-radical pathway.
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To support this hypothesis: a previous study was conducted on the evolution of
oxygen gas during Fenton oxidation at a pH range between 1 — 2.54. (Kremer,
2003) The result revealed an increase in the formation rate of oxygen gas when
pH was increased to a value of 2.54. The mechanism of this reaction involved the
formation of the Ferryl-oxo-complex (FeO?*). Ferryl-oxo-complex is an active in-
termediate that follows several reaction pathways, which lead to the degradation
process of the hydrogen peroxide, forming water and oxygen gas O2. (Kremer,
2003, Arsene, Gorinchioy, 2019)

The reaction pathways of the Ferryl-oxo-complex in the Fenton oxidation process
happen as follows: It reacts with another hydrogen peroxide molecule, forming
the ferrous ion Fe?* and an oxygen molecule. It also reacts with Fe?* to form Fe3*.
Lastly, the reaction with ferric ion Fe3*, forms binuclear complex (FeOFe)%*, which
undergoes further reaction with hydrogen peroxide forming O2. (Kremer, 2003,

Arsene, Gorinchioy, 2019)

On the other hand, at a pH range between 3.5 - 6, ferrous iron Fe?* is found in
another form of iron hydroxide Fe(OH)zthat is 10 times more reactive. (Pignatello
et al., 2006) Thus, iron hydroxide Fe(OH): is the catalyst form of iron in this pH
range. At this pH range, the reaction of hydrogen peroxide and iron hydroxide
allowed a higher formation of hydroxyl radicals compared with ferrous iron Fe?*,
resulting in higher COD removal. Also, the result of this reaction led to the for-
mation of ferric oxide species that instantly precipitated during the treatment. This
means, that the second reaction (equation 3) of the Fenton oxidation cycle did
not occur in such pH range (l.e., 3.5 - 6). The lower COD removal at pH 6 can be
attributed to the lower oxidation potential of the hydroxyl radical. (Saharan et al.,
2014)

Ferrous iron concentrations in the treated urine samples from the pH study were
tested. The results showed that ferrous iron is found at pH conditions in the range
of 2.5 - 3.5, as shown in Figure (7). Whereas at pH conditions above 3.5, noticed
less concentration of ferrous iron because it is dissociated in the form of iron

hydroxide Fe(OH)2, which has precipitated in the sludge.
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The result from this analysis proves that the Fenton reagent cycle cannot be oc-
curred at pH conditions 23.5 because the catalytic form of iron (l.e., ferrous iron)

is found to have low fractions in such pH conditions.
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FIGURE 7. Shows iron Fe?* residual in Cf1 fresh urine treated with 1 g H202/L

at a 1:1 Fe:H202 molar ratio in acidic conditions.

During the experiment of the pH study, occurred less formation of sludge at a pH
range between 2.5 - 3, which means that the formed ferric ions Fe3* in the first
reaction are reduced to ferrous ions Fe?* in the second reaction (No iron precipi-
tation occurs). On the other hand, at a pH range between 3.5 — 6, higher for-
mations of sludge occurred in the bottom of the reaction beakers. This means,
that the iron hydroxide Fe(OH)2 compounds are oxidized in the first reaction form-
ing ferric iron species, which hydrolyses and then precipitate in the form of ferric

oxyhydroxides.

The colour of the treated urine and the sludge appeared differently in the experi-
ment of each pH condition. At the pH range of 2.5 - 5, the colour of the treated
urine ranged from light green to dark green, while the colour of the sludge grad-
uated from light grey to dark grey as the pH increased. At the pH conditions of
1.5, and 6, formed less sludge than the other pH conditions, and both the treated

urine and the formed sludge appeared brown in colour.
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4.1.2 Kinetic evaluation

Synthetic urine

The kinetic study of the Fenton reagent based AOP was conducted on synthetic
urine at a pH condition of 3 and a 1:5 Fe:H202 molar ratio. The results showed,
almost full activation of hydrogen peroxide in Cf1 synthetic urine within 2 hours
of reaction time, at the same time occurred about half activation in the hydrogen

peroxide in the treatment of synthetic urine Cf5 and Cf10, as shown in Figure (8).
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FIGURE 8. Shows the kinetic study of the Fenton reagent AOP in Cf1, Cf5, and
Cf10 synthetic urine at pH 3 and 1:5 Fe:H202 molar ratio.

In this case, the Fenton oxidation cycle occurred, at which the small fraction of
the ferrous iron Fe?* was regenerated in the second reaction (equation 3) at a pH
value of 3, allowing the activation of hydrogen peroxide to happen slowly in a
cycle.

The residual hydrogen peroxide concentration was measured for synthetic urine
samples of Cf5 and Cf10 after 24 hours of mixing. The results showed no change
in H202 concentration. In this case, occurred the reaction between the organic
compounds and the ferric iron formed a precipitate. Eventually, it reduced the iron

catalyst, inhibiting further activation in the hydrogen peroxide.



35

Real urine

In real urine, the activation of the hydrogen peroxide occurred within 5 minutes.
Here, the activation of the hydrogen peroxide occurred by another form of iron
hydroxide Fe(OH)2 which is 10 times more reactive than the ferrous iron Fe?*.
Thus, Fe(OH)2 ionic compounds are oxidized in the first reaction of the Fenton
oxidation forming ferric iron species that tend to precipitate instantly in such pa-
rameters (l.e., 1:1 Fe:H202 and pH 4). Thus, this quick precipitation did not allow
the Author to perform the kinetic study.

4.2 The fate of phosphorous in real urine after the Fenton reagent based
AOP

The orthophosphate analysis was done on the treated real urine samples from
the pH study, as shown in Figure (9). At the pH range of 2.5 - 6, no phosphorous
ions were detected in the treated urine samples, which gives the only possible
explanation, that the phosphorous ions were precipitated in the sludge during the
treatment in the form of iron (111) phosphate FePO4 or iron (I1) phosphate (vivianite
Fes3(POa4)2:8H20).

This is delegated to the fact that the second reaction (equation 3) of reducing the
ferric ions to ferrous ions is slower than the first reaction (equation 2), which al-
lows the scavenging of the ferric ions by the phosphorus ions forming iron phos-
phate precipitate. (Pignatello et al., 2006)

Also, this finding provides another reason behind the high demand for the iron

catalyst (Ferrous iron Fe?*).
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FIGURE 9. Shows the residual phosphorous concentrations in fresh urine sam-
ples after Fenton oxidation treatment using 1 g H202/L at a 1:1 Fe:H202 molar

ratio.

Iron phosphate precipitate can be recovered in many techniques (e.g., acid ex-
traction process). (Pereira & Papini, 2015) It requires further research to deter-
mine the most feasible process that could give the highest recovery in phospho-

rus.

4.3 Nitrogen loss in real urine after the Fenton reagent based AOP

Urea loss was observed after the Fenton oxidation treatment of all the real urine
samples. This led to further analysis and research to find out the cause behind
the nitrogen loss. It was discovered that a loss occurred in the chloride ions as

well, which was identical to the loss in urea, as shown in Figure (10).
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FIGURE 10. Shows the fate of organic and inorganic compounds after the Fen-
ton oxidation of real urine treated with 1, 5, and 10 g H202/L for Cf1, Cf5, Cf10,

respectively at a 1:1 Fe:H202 molar ratio and pH 4.

A follow-up study was then conducted on the loss of urea in the presence of chlo-
ride ions, in which different chloride concentrations were dissolved into Cf1 urine
before the Fenton oxidation treatment. It was found that high chloride concentra-

tions increase urea loss, as shown in Figure (11).
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FIGURE 11. Shows urea loss in the presence of chloride concentrations after
the Fenton AOP on fresh urine Cf1 at a 0.86:1 Fe:H202 molar ratio and a pH of
4,
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To explain the loss in urea, we must understand the chemical reaction between
the hydroxy radical *OH and the inorganic compounds found in urine. As men-
tioned earlier, the presence of halide compounds (CI- and Br) interferes with the
hydroxyl radical «OH. A study was conducted on the degradation of pharmaceu-
ticals in human urine using electrochemical AOP. (Clark et al., 2021) Revealed,
an anodic oxidation occurs between the hydroxyl radicals and the free chlorine
ions presenting in urine forming hypochlorous acid (HOCI"), that dissociates to
form hypochlorite ions (OCI') and free hydrogen ions. The oxidation continues to
the formation of chloride Cls and dichloride Clz¢ radicals with standard redox po-

tential E° equal to 2.34 and 2.13, respectively.

However, the standard redox potential of the hydroxyl radical is higher, but Cle
and Clz¢ radicals are more attractive to oxidize nitrogen compounds. (Clark et al.,
2021) Thus, the formation of halide radicals led to rapid degradation in the urea
or NH4*/NHs, forming intermediates of organic and inorganic chloramines (NH2Cl,
NHCI2, and NCIs).

In the presence of low concentrations of urea, the subsequent oxidation of the
free chloride ions by the hydroxyl radicals favourites another reaction pathway
forming oxychloride intermediates (chlorate CIO3 and perchlorate ClO4). The in-
hibition of oxychloride formation occurs by increasing urea concentration. (Clark
et al., 2021)

Another study was done by Zhaoxi, S., Jinhua, L., et al on the oxidation of organic
carbon in urine using the photoelectrochemical method. The study stated serial
reactions between the hydroxyl radicals and the chloride ions. The end-product
of these reactions is nitrogen gas N2, as shown in equations (10, 11, 12, 13, 14,
15, 16, and 17). (Shen et al., 2019)

NH,CONH, + 2Cle + H,0 — 2NH,+ + CO, + 2Cl~ + 2H" (10)
NH,e + HOCl - NH,Cl + OHe (11)
NH,Cl + Cle - NHCle + CI~ + H* (12)
NHCle + HOCl —» NHCI, + OH (13)
NHCl, + H,0 - NOH + 2H* + 2CI~ (14)

NHCl, + NOH -» N, + HClO + H* + CI~ (15)
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NH,s + OHe - NH,OH (16)
NH,OH + OHe - NO; — NOj (17)

After analysing the nitrate concentration mg/L in the treated samples, found that
NOs" concentration didn’t change after the Fenton oxidation treatment, meaning

that the last reaction in equation (17) did not occur in this study.

The results in Figure (10) showed that in the treatment of high concentration fac-
tors urine resulted in a higher loss in urea, ammonia-Nitrogen, and chloride at 1:1
Fe:H202 molar ratio and 4 pH condition. The hypothesis behind the loss in urea
and ammonia-N is the high concentration of chloride ions found in Cf10 than in
Cf1 urine, leading to a higher loss in urea, and ammonia-N. Whereas the higher
loss in chloride concentration in the Fenton oxidation treatment of Cf10 urine is
linked to the higher chemical dose of the oxidant hydrogen peroxide added in the
treatment of the Cf10 (5 g H202/L) urine than in Cf1 (1 g H202/L) urine.

Total nitrogen TN measurement was done on filtered and non-filtered urine sam-
ples after the Fenton oxidation treatment, as shown in Figure (12). The objective

was to check if the loss of nitrogen compounds accumulated in the sludge.
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FIGURE 12. Shows the concentration of total nitrogen in urine samples having
different concentration factors after the Fenton oxidation process of using 1 g
H202/L at a 0.86:1 Fe:H202 and a pH of 4.
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The results revealed that the total nitrogen in both samples is almost identical,
accounting for the dilution and analytical error of the spectrophotometer used in
the experiment. Further investigation needs to be done to prove this hypothesis.
However, this finding gives further support to the hypothesis, that urea loss oc-

curred during the oxidation in the form of nitrogen gas Na.

It is believed in this research, that if chloride ions are extracted from the urine
before the Fenton oxidation process, most of the nitrogen compounds (e.g., urea)
will be preserved in the final product.

The process of chloride ions extraction can be done by using a resin (lon ex-
change), which leads to further research to determine the most applicable resin

for this process.

4.3.0 Mass balance analysis on the total Nitrogen in real urine

This section provides a mass balance analysis for the total nitrogen before and
after the Fenton reagent based AOP. As shown in Diagram 1, low losses in the
total nitrogen after the Fenton oxidation process of the fresh urine Cf1 occur in

comparison to the concentrated urine (l.e., Cf5, and Cf10 urine).

N2
Volatile (loss)
Cf1=9.52 %

Cf5=23.48 %
Cf10=39.81 %

Feed 100% TN Product TN
Cf1= 5250 mg/L Cf1=90.48 %
Cf5= 28750 mg/L Cf5= 76.52 %
Cf10= 51500 mg/L Cf10=60.19 %

DIAGRAM 1. Shows the mass balance of the total nitrogen concentration flows
in the treatments of real urine at different concentration factors (Cf1, Cf5, and
Cf10) using 1 g H202/L, at 0.86:1 Fe:H202 molar ratio and pH of 4.
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4.4 The effect of the chemical dose on organic and inorganic compounds

in real urine after the Fenton reagent based AOP

This study was performed in fresh urine Cf1 at a 1:1 Fe:H202 molar ratio and pH
value of 4. The results state that increases in the chemical dose of the reagent
(Fe?* and H202) resulted in higher losses in urea, ammonia-Nitrogen, and chlo-

ride while reaching higher removal in the COD content (80%), Figure (13).
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FIGURE 13. Shows the fate of organic and inorganic compounds after the Fen-
ton oxidation in fresh urine Cf1 at higher chemical doses of a 1:1 Fe:H202 molar

ratio and a pH of 4.

Increasing the chemical dose of the hydrogen peroxide and the iron catalyst Fe?*
increases the hydroxyl radical formation *OH. Thus, the higher formation in the
hydroxyl radical *OH led to higher oxidation of the organic and inorganic com-

pounds in urine.

4.5 Mass balance analysis on the iron content in real urine

A mass balance study was performed to determine the pathways of the ferrous

iron in the system as well as to determine the most optimal Fe:H202 molar ratio.

In real urine, was detected a negligible concentration of ferrous iron Fe2* before
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the Fenton oxidation treatment. The residual ferrous iron Fe?* in urine was meas-
ured after the treatment using a 1:1 Fe:H202 molar ratio and a pH of 4.

It was found that some of the ferrous ions Fe?* accumulated in the treated urine.
This led to further calculations to determine the right dose of the initial amount of
ferrous iron solution. It was found at a 0.86:1 Fe:H202 molar ratio, most of the
iron has been consumed during the treatment and eventually accumulated in the

sludge in the two forms of iron Fe? and Fe3*, as shown in Diagram (2).

Feed (Fe?*) Product Fe?*
Cf1=1401.83 mg/L Cf1=4.33%
Cf5= 6754.4 mg/L Cfh=11.7%
Cf10=14216.05 mg/L Cf10=9.7 %

Accumulated (Sludge)
Fe?*/Fe3*

Cf1=95.67 %
Cf5=88.3 %
Cf10=90.3 %

DIAGRAM 2. Shows the mass balance of the ferrous Fe2* concentration flows

in the treatments of the real urine at 0.86:1 Fe:H202 molar ratio and pH of 4.

Ferrous ions Fe?* were detected in the sludge of fresh urine Cf1 treated with a 1
g H202/L at 0.86:1 Fe:H202 molar ratio in a pH condition of 4.

However, 4.33 % of the initial ferrous iron remained in the treated samples, and
95.67 % was accumulated in the sludge in the form of Fe? (9.38 %), and Fe3*
(86.29 %).

After correcting the mass balance found that the optimal Fe:H202 molar ratio in
the Fenton oxidation treatment of Cf1 real urine is between 0.80:1 — 0.85:1.
Whereas the optimal Fe:H202 molar ratio in the treatment of Cf5 and Cf10 real
urine is in the range 0.70:1 — 0.75:1, depending on the COD and phosphorus

concentrations of the treated urine.

The formed sludge (precipitate) during the Fenton oxidation process can be
treated to recover the ferrous ions Fe?*, which can be used again in the process

to activate the hydrogen peroxide. This treatment is done in two stages; First, the
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sludge is treated biologically by iron-reducing bacteria under anaerobic condi-
tions, where residual organic matter found in the sludge serves as electron donor
specie to reduce Fe3* to Fe?.

The second stage involves an acidification process at a pH condition of 3.5,
where the formed intermediate sludge is acidified by a strong acid (e.g., 1M HCI)
to extract Fe?* ions. The remaining sludge from the acidification process is recy-
cled back to the digestion tank (zero waste generation). As a result, 90% of the
added iron Fe?* was restored, which led to a reduction in the process cost by
60%. (Shietal., 2022)

Iron sludge may hold toxic compounds, it must undergo further treatment to en-
sure safe utilization and prevent it from reaching the environment. Thus, a follow-
up study will be conducted on the sludge treatment after the Fenton oxidation

process of organic/inorganic compounds in urine.
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5 Conclusion

The Fenton reagent based AOP occurred differently in real urine than
in synthetic urine.

The optimal Fe:H202 molar ratio is 0.80:1-0.85:1 for Cf1 fresh urine,
and 0.70:1-0.75:1 for Cf5 and Cf10 urine, with respect to the increase
in hydrogen peroxide dose g/L in urine treatments of Cf5 and Cf10.
When increasing the hydrogen peroxide dose, a lower Fe:H202 molar
ratio is required to achieve a full activation in the hydrogen peroxide.
The Fenton oxidation process of organic compounds in urine was best
at a pH condition of 4.

The Fenton reagent based AOP is less active in pH conditions near
neutral values as well as in very acidic conditions (e.g., pH <2.5).

The Fenton reagent based AOP cycle didn't occur at pH 4 due to the
precipitation of the iron catalyst at a pH value >3.5.

The activation of the hydrogen peroxide happened by the other form of
ferrous iron, iron hydroxide Fe(OH)z.

The high demand for iron catalysts in this study is delegated to the high
concentrations of COD and phosphorus in the urine.

Nitrogen loss was caused by the oxidative reaction with the chloride
*Cl and chlorine *CI2 radicals, Nz nitrogen gas is the end-product of this
oxidation.

Phosphorus loss was caused by the chemical reaction between the
phosphorus ions and ferric/ferrous ions forming a precipitate of iron (l11)

phosphate or iron (Il) phosphate.

5.1 Practical Implications of this Thesis

This research provides constructive explanations on the chemistry be-
hind Fenton’s reagent-based advanced oxidation process in real and
synthetic urine.

Also, it shows the optimal parameters i.e., Fe:H202 molar ratio and pH
condition of the Fenton reagent that achieve high removal of organic

compounds in urine.
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e The Fenton’s reagent parameters in this study can be used to remove
a selective number of COD from urine as well as treat influent
wastewater with a high COD content of (5000 - 60000) mg/L.

e This paper provides a model equation, which can be used to measure
hydrogen peroxide concentration in an aqueous solution at a range of
(0.2 - 2.5) g H202/L.

e The Fenton oxidation process of organic compounds in urine occurred
in the first five minutes of the reaction at ambient conditions (22°C and
1 atm) thus, it is considered a quick and feasible treatment.

e Regarding nitrogen loss, it is more applicable to treat fresh urine of Cf1
than concentrated urine.

e To minimize sludge formation during the treatment of wastewaters with
similar characteristics to urine, this study suggests conducting the Fen-
ton oxidation process at a pH range of 2.5-3

e This method can be applied to treat urine to produce hygienic and safe
fertilizer with a high nutrient capacity. Also, the implication of this study
will preserve the nutrients cycle.

e The treated urine can be dried in a substrate mixture (e.g., wheat barn

and biochar mixture) to produce solid fertilizer. (Simha et al., 2020)

Future research

e Sludge treatment to recover ferrous iron Fe?* and reuse in the process
as well as to make safe use of the remaining sludge.

e The elimination of chloride ions from urine before the Fenton oxidation
process prevents nitrogen loss.

e The extraction of phosphorous ions from urine as a pre-treatment to
the Fenton oxidation process reduces the chemical dose of the iron
catalyst Fe?* that is required in the treatment.

e Or recovery of phosphorus from the sludge.
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APPENDICES

Appendix 1. (1)

Table 1. Shows the composition of different synthetic urine concentrations.

(Simha et al., 2022)

Measure- Cf1g/L | Cf5g/L Cf10g/L

ments

NaCl 0,04 0,2 0,4

Na,SO, 2,3 11,5 23

KCl 1,9 9,5 19

MgCl,.6H,0 0,24 1,2 2,4

NaH,PO, 0,6 3 6

CacCl, 0,14 0,7 1,4

CH.N,O (Urea) | 8,71 43,55 87,1

NH.CI 0,52 2,6 5,2

KOH 0,17 0,85 1,7

pH 6,97 6,97 6,97
unitless | Unitless Unitless




