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statutes ‘the management and use of livestock excreta article No. 9 and No. 14’ (Water

quality and aquatic ecosystem conservation act of 2014).

Based on the law of the management and use of livestock excreta Act No.

12516, article No. 14 (Water quality and aquatic ecosystem conservation act of 2014),

an echelon that is over the size of an individual company class has to have a wastewater

treatment facility or share a similar facility with a public wastewater treatment plant in

cooperation with a local government (Republic of Korea Army Headquarters, 1999).

1.2.2 Effluent Quality Criteria of Wastewater

Due to deterioration of local lakes and rivers, wastewater quality criteria have

become more rigorous over the past several years. Current wastewater quality criteria

are shown in Table 1.1 in comparison with criteria of European Union (EU, Germany).

In the Table 1.1, it is found that all criteria of Republic of Korea in terms of water

quality have been stringent since 2013. Deterioration of water quality might be related

to this criteria trend. Interestingly, except chemical oxygen demand (COD) level, all

criteria for Republic of Korea are higher compared to criteria of Germany based on

Table 1.1.

Many lakes and rivers have been a main source of potable water for local

citizens. However, as mentioned above, the Republic of Korea has already been



classified as a water-stressed country (Kim, 2003). This means if the government does

not improve current water quality, soon the nation will be facing a lack of drinking

water due to poor water quality. Thus, the ministry of environment is forced to reform

the bills that are related to environmental problems to prevent people from suffering

from water related health problems (Lee et al., 2005).

Table 1.1: Water quality criteria for wastewater in the Republic of Korea and
European Union (Adapted from water quality and aquatic ecosystem conservation
Act No. 12519, article No.26, attached Table No.10; Republic of Korea. National
Institute of Environmental Research, 2000).

European Union
Criteria 2011 2012 2013-present
(Germany)

Biological
Oxygen Demand <5 20 20 10
(mg/L)

Chemical
Oxygen Demand <20 40 40 20
(mg/L)

Total Nitrogen
<8 40 40 20
(mg/L)

Total
Phosphorus <03 4 4 2
(mg/L)

Suspended
Sludge - 20 20 10
(mg/L)

1.2.3 Present Water Quality of Environmental Facility in ROK Army

As water quality near military post and garrison have deteriorated since early



2000 (Park, 2002), the ROK Army is consistently trying to improve water quality in
various ways (Ministry of National Defense, 2014), For this reason, some garrisons
sometimes send their wastewater to garrisons that have their own purification facilities,
which results in exceeding the wastewater capacities of said facilities (Republic of
Korea Army Headquarters, 1999). Figure 1.1 shows that wastewater production of
specific garrisons exceeds their daily treatment capacities (Park, 2002). For instance, the
army training centre produces around 2500 tons of wastewater per day, however, their
daily capacity for wastewater is only 1200 tons per day. If excess wastewater flows into
local surface water (e.g. lake, river, and reservoir), it is likely to cause deterioration of

water quality close to army facilities.
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Figure 1.1: Comparison of wastewater production of the army echelon with daily

capacity of wastewater production (Adapted from Park, 2002).

In Figure 1.2, similar trends in terms of water quality can be found. The



accepted maximum standards for both biological oxygen demand (BOD) and suspended
sludge (SS) water quality are both 20 mg/L. However, approximately 70% of the ROK
Army echelons are not able to meet the criteria in the Figure 1.2 (Park, 2002). For
example, when it comes to BOD, only the army training centre and the 3™ division
could meet the standard. As the data shown in Figure 1.2 were collected from all over

the ROK, this can be considered a demonstration of the reality of water quality in the

army.
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Figure 1.2: Actual effluent quality of diverse garrisons in the army (Adapted from
Park, 2002). In this graph, the y axis represents unit of mg/L, while, the x axis
represents biological oxygen demand (BOD) and suspended sludge (SS).

Figure 1.3 shows water quality of particular military echelons such as

companies, battalions, and divisions. These three types of echelons are basic and



fundamental structures which comprise the ROK Army. Thus, the graph in Figure 1.3
can be considered the strongest evidence for indicating the ROK Army’s current state in
terms of water quality. According to Figure 1.3, most echelons exceed water quality
standards. For example, accepted maximum biological oxygen demand (BOD)
concentration is 10 mg/L, however, all echelons show more than 30 mg/L of BOD level.
Similar trends can be found on other criteria like COD, total nitrogen (TN), and total
phosphorus (TP).
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Figure 1.3: Several water quality criteria versus echelons; three types of echelons in
the army exceed those criteria (Adapted from Park, 2002). In this graph, the y axis

represents unit of mg/L, while, the x axis represents water quality criteria.

Due to environmental problems including water pollution as described above, the

ROK Army has been dealing with several kinds of repercussions, including damage



compensation and penalties (Choi, 2001). For example, in Figure 1.4, officers from the
ROK Marine 1% division are explaining in terms of illegal wastewater discharge into local
stream and reimbursement for fishermen. Thus, for solving the series of problems
described in this section, the ROK Army has to pay attention to the nations’ voice in terms

of environmental issues. It would be the fastest way to not only to retrieve the army’s

honor and trust but also to preserve and protect our precious nature.

Figure 1.4: Officers from the ROK Marine 1st division explaining about their illegal
wastewater discharge (Bae, 2014).

1.3 Phosphorus in Water

Phosphorus is an essential element that required by all living organisms such as

plants and animals. It is used by these organisms for synthesizing cell structure and energy

(e.g. Adenosine Triphosphate) (Paytan and Mclaughlin, 2007).



Among the anthropogenic sources of phosphorus such as plant fertilizers and

human waste (e.g. sewage), agricultural effluent of overused fertilizer and livestock waste

are a major phosphorus sources. Phosphorus contained in these sources is usually carried

from lands to rivers and eventually transferred to lakes, and coastal waters. Finally, this

essential element stimulates high growth of for aquatic autotrophic organisms such as

algae and bacteria (Paytan and Mclaughlin, 2007). Eventually phosphorus brings about

propagation of aquatic primary producers (e.g. algae) which require phosphorus for their

growth. The rapid proliferation of organisms caused by excessive phosphorus is called

eutrophication (Chislock et al., 2013).

Eutrophication in aquatic environments is potentially caused by both nitrogen

and phosphorus. In freshwater systems, phosphorus is normally limiting, thus when

excessive amounts of phosphorus are released from agricultural effluent and municipal

sewage sources, it causes a drastic decrease in water quality (Lehtiniemi et al., 2005).

Eutrophication results in algal bloom that alter aquatic ecosystems. The effects of

eutrophication including eliminating species of fish and vegetation by decreasing light

penetration that is caused by algal blooms (Chislock et al., 2013). The light is known for

essential element to account for photosynthesis that produces oxygen (Eq.1). Following

is an overall equation for the type of photosynthesis that occurs in normal plants in nature.



6CO2 + 6H20 + sunlight — CgHi1206 + 602 (Eq. 1)
Photosynthesis is important for aquatic organisms on account of producing
oxygen. However, dead and decaying algae can cause insufficient oxygen (reverse of
equation 1). Finally, this insufficient oxygen levels are toxic to fish and aquatic organisms.
Thus eutrophication has been a serious environmental concern in much of the developed
world for the past decades, and is now becoming a global concern (Jutidamrongphan,
2012).

Due to the negative effects of eutrophication, garrisons and camps located near
Forward Edge of the Battle Area (FEBA) and DeMilitarized Zone (DMZ) have been
suffering from water contamination (Research Institute for Kangwon, 2013). As a result,
most of the small drainages for are polluted with green effluents. Following is a picture
of eutrophication caused by excessive nutrients taken near the 3™ division at Kangwon
province in northwestern of Republic of Korea in 2009. Eutrophication is already ongoing

as it to be seen on the picture (Figure 1.5).
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Figure 1.5: An example of contaminated small drainage by effluents near one

garrison under command of 3rd division at Kangwon province (CWinews, 2009).

1.4 Phosphorus Speciation

Total phosphorus (TP) in wastewater consists of organic and inorganic species
(Maher and Woo, 1998). Figure 1.5 represents the diverse phosphorus species that
comprise TP. Total organic phosphorus (TOP) is made up of a diverseness of compounds
including phosphonate, adenosine triphosphate (ATP), and organic phosphates (Maher
and Woo, 1998). Inorganic phosphorus comprised of inorganic condensed phosphorus,
polyphosphate, and orthophosphate (Maher and Woo, 1998).

Orthophosphate, which is known as reactive phosphorus (RP), presents in various
forms and demonstrate a pH dependence of phosphorus. Figure 1.6 shows the relative

amounts of phosphate in water with respect to wide range of pH (Parker et al., 2015).
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Figure 1.7 shows that the most protonated species at low pH is H3PO4 and most
deprotonated species at high pH is PO4*". That is, dominant phosphate species change
when pH increases or decreases.

The distribution diagram of phosphate was based on the following three

equilibrium reactions.

H3POs — H'+ Ho POy K, =1020 (Eq.2)
H,POs — H"+ HPOs> K,=1072 (Eq.3)
HPOs* — H" + P04  K,=10"123 (Eq.4)

Based on Figure 1.7, specific pH range has different dominant phosphate
species. For example, H,POy4 is the dominant orthophosphate species in the pH range of
2.2-7.2 whereas HPO4*" is the dominant orthophosphate species in the pH range of 7.2-
12.3. Accordingly, phosphate species diagram can be an elucidation for pH dependence
of phosphorus removal take advantage of an adsorption reaction. More about the
adsorption reaction for phosphorus removal will be discussed and accounted for via

surface complexation in section 1.6.
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[=TiOH2"] = [=TiO7] (i.e. symbol of ‘=’ represents surface sites on TiO) is attributed to
the reaction between titanium oxide surface and water molecules to form hydroxyl groups
on oxide surface for completing its coordination sphere (Tombacz, 2009).

Experimentally measured pHezc can be calculated according to equation 2.4
(Tombacz et al., 2000; Tombacz, 2001). Thermodynamic equilibrium constants (log K)
for solving equation 2.4 to determine theoretic pH value is in the Table 2.2,

pHezc = 0.5(Log K", — Log K".,) (Eq.2.4)

Table 2.2: Thermodynamic equilibrium constant for equation 2.5 (adapted from

Stone et al., 1993).

Surface complexation reactions Log K
=SOH + H' > =SOH," 3.9
=SOH + H20 < =SO" + H* -8.7

Based on the equilibrium constants given in the Table 2.2, theoretical pHepzc

value can be simply calculated (Eq.2.5).

PHezc= 0.5[3.9— (-8.7)] (Eq.2.5-1)
PHezc = 0.5(3.9+ 8.7) (Eq.2.5-2)
~ pHpzc=6.3 (Eq.2.5-3)

The calculated pHezc Of 6.3 (E.q.2.5-3) is in accordance with not only the value
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from this experimental data but also previous research papers in terms of pHezc (Stone et
al., 1993; Preocanin and Kallay, 2005; Tombacz, 2009; Moharami and Jalali, 2014). The
pHezc based on Figure 2.9 does not mean the actual point of zero charge, which can be
determined by calculation of net proton surface excess (Tombacz, 2009). Although there
IS no net proton surface excess data, Figure 2.9 coincides with surface electroneutrality
point based on the mass titration method (Preocanin and Kallay, 2005). In addition, actual
pHezc reported in Tombacz, 2009 was 6.23, which is very close to the pHezc calculated
above. Thus, it seems that surface charge state as shown in Figure 2.9 may be used for
determination of pHezc.

When the pH is above point of zero charge, the surface charge becomes more
negative. However, if pH is below point of zero charge, the charge state of surface charge
becomes positive. All three TiO species show maximum amount of phosphorus removal
when sample’s pH is below 6.3. Thus, the amount of adsorbed phosphorus is higher due
to titanium oxide surface that is charged positively (e.g. TiOH2"). Because electrostatic
attraction takes place between TiOH," and phosphate ions and this has to be taken into
account with regard to adsorption.

For modeling the experimental data, the surface complexation model (SCM) for

hydrous ferric oxide (HFO) is used as referred from previous research (Smith et al.,
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2008).

According to Smith ef al. (2008), the SCM calculation is run to determine how
much phosphate is bound to the iron oxide’s surface (e.g. HFO) and other available
oxygen binding sites. If the stoichiometry of the surface reactions can be determined,
those possible reactions are taken as reasonable reactions that are possible on the iron
oxide, and the sites that binding occurs are the active phosphate binding sites.

To quantify a value for soluble phosphorus which is not bound to iron oxide
surface, total binding site capacity was used in tableau notation referred to as S1T and
S2T. These two binding sites are considered to have the same value.

Based on SCM, in the tableau notation presented in Table 2.3, the total binding
site capacity for TiO: surfaces are referred to as S1 and S2. Table 2.3 represents the
chemical equilibrium modeling process based on Tableau notation (Morel and Herring,
1993). This modeling considers the TIOH, PO4*, and H" as a set of simultaneous
equilibria, including H" and PO4*" binding. The components that are located in the top
of the Table are given, and the products made from these components are listed as
species in the Table. The Tableau notation in Table 2.3 is plotted by MATLAB™,

The log K values for titanium species in Table 2.3 were obtained to describe the

actual experimental data. It is considered that these two binding sites have the same
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value. This can be related to the total titanium concentration (Tit) in the sample (Smith
et al., 2008; Smith and Gray, 2014;).
S1=_S2 = ASF * (Tit) (Smith et al., 2008) (Eq.2.6)
Where, the ASF (Actual Site Factor) is the essential parameter in
surface complexation model and Tir is total Ti species concentration. In this
research, ASF value of 1.3 was used, which means 1.3 phosphate ions can bound to
a single titanium atom (Smith and Ferris, 2001; Smith et al., 2008).

Based on the experimental data, the best fit value of log K for titanium species
(TiIOPO3?%", TiO,PO2%, and TiIOPOOH") are 14.3, 25.1, and 29.6, respectively. The log
K values that are obtained by fitting are shown in Table 2.3 marked as ‘3. This best fit
model calculation is shown in Figure 2.10 below. However, although this modeling
could be used to predict phosphorus removal onto TiO> bulk powder but more data is

necessary for complete validation.

52



phosphorus adsorption data seem to reach plateau above 2 mg P/L. The equilibrium

distribution of metal ions between solid and liquid phase can be explained by Langmuir

model, the best fit model should be Langmuir model (Dada et al, 2012).

1.2

bound P (mg/g)
o o
o o

o
~

107° 10° 10°
3
[PO, ] (mg/L)

Figure 2.11: Both Langmuir (dashed line) and Freudlich (solid line) isotherm of
phosphorus adsorption by TiO2 bulk powder at pH 4.0 £ 0.2. Green dots represent
actual experimental data in terms of bound phosphorus on adsorbent. It is shown

that green dots better fit into the Langmuir model.

2.5 Conclusion

The phosphate removal by TiO> bulk powder (anatase, rutile, and mixed species)
was investigated to determine pH dependence and adsorption trends. Due to surface area

of bulk powder, less phosphates were adsorbed onto titanium species compared to
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previous literature, that used TiO; nanoparticles in their experiments (Kang et al., 2012;
Moharami and Jalali, 2014). However, bulk powder did show pH dependence and a
maximum uptake of phosphate was measured at around 20% of initial phosphorus
concentration onto mixed TiO2 bulk powder. The pH was adjusted from 4 to 10 and it is
shown that at around pH 4, optimal phosphate removal was achieved.

As pH changes during the experiments, dominant phosphate species also change.
In other words, the function of pH can influence phosphorus adsorption. Thus, this may
be an explanation for pH dependence. Another explanation is pH point of zero charge. It
is shown that there are three types of titanium species (i.e. TiO", TiOH, and TiOHz")
during the adsorption experiments. The proton state at the titanium oxides’ surface may
affect adsorption. At around pH 6.3 which is the base point of charge state and also called
point of zero charge, surface charge becomes zero. If pH goes down below 6.3, surface
charges positively; if it is higher than 6.3, surface charges negatively. Consequently,
affinity to bind on the surface of phosphate may be influenced by zero point of charge.

The isotherm trends were studied based on two different models which are the
Langmuir and Freundlich models to determine binding capacity, adsorption intensity (n)
and log K value. The binding capacity and log K value for Langmuir model was 0.77mg/g

and 1.03L/mg, respectively, and heterogeneity factor and log K value for the Freundlich
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model was 5.67 and 0.52mg/g, respectively.

Based on this experimental data, TiO> could show certain amount of phosphorus

removal. However, it seems that more experimental results using TiO2 will be needed to

compared to other metal oxides such as aluminum or iron oxide for determination of the

removal efficiency.
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Chapter 3: Advanced Wastewater Treatment using Photo-Cat system with TiO>
nanoparticles

3.1 Introduction

In the 18" century, the Industrial Revolution occurred in Europe which
contributed to changes affecting many aspects of human life (i.e. mass production). After
the Industrial Revolution, there have been drastic increases in global population and
economic growth (Lim, 2013). However, these developments potentially bring about
severe destruction of nature which may cause serious environmental pollution (Choi,
2013). Thus, environment protecting technologies have been developed for several
decades in order to help ensure environmental sustainability (Hashimoto et al., 2005; Lim,
2013).

Photocatalysis is one of the environmentally sustainable technologies.
Photocatalysis is a catalytic process which takes place on the surface of semiconducting
materials such as TiO; under ultra violet (UV) light irradiation (Noh, 2003; Lim, 2013).
In fact, TiO2 powders have been used as white pigments for a long time due to their
chemically stable state, nontoxicity to humans, and cost efficiency in industrial fields
(Hashimoto et al., 2005). In early 1970’s, two Japanese researchers named Fujishima and
Honda found that when TiO; is irradiated by UV light, TiO> can split water to hydrogen

and oxygen (Fujishima and Honda, 1972; Choi, 2013).
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TiO; Photocatalysis has been applied to various fields (i.e. environmental

protection, renewable clean energy production). Typically, TiO2 Photocatalysis is used for

air purification (i.e. removal of air pollutants) and water purification (i.e. removal of

dangerous substances) (Lim, 2013). Nowadays, technology using Photocatalysis is

considered to be one of the most promising technologies for its potential to be applied to

environment field friendly (Lim, 2013).

Photocatalysis is defined as acceleration of a photoreaction in the presence of a

catalyst when light is irradiated (Yang, 2006). Thus, when TiO, absorbs light as a

photocatalyst with greater energy than its band gap energy, a pair of electron holes

(photogenerated charge carriers) are produced. These electron holes are separate and

subsequently move from the bulk to the surface of the TiO2 (Lim, 2013). Adsorbed water

molecules react with separated electrons and form hydroxyl radicals (eOH) while

separated holes form superoxide radicals (O.e") by reacting with oxygen in the

atmosphere. The reduction and oxidation reactions can be caused by both hydroxyl

radicals and superoxide radicals (Lim, 2013). Figure 3.1 shows schematics of

Photocatalysis which can occur when UV light irradiates TiO2. Both superoxide radicals

and hydroxyl radicals can participate in reduction or oxidation reactions to degrade

contaminants from a wastewater sample. Hydroxyl radicals which have an especially
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outstanding oxidation ability, can potentially break down organic pollutants such as VOCs
(Volatile organic compounds), wastewater, and other industrial waste (Lim, 2013). Thus,
using TiO; might convert organic phosphorus to phosphate which is removed by methods
such as chemical phosphorus removal. Because organic phosphorus usually can not be

removed by conventional methods described in Chapter 1.
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Oxygen
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Hydroxyl

jon \‘
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Radical

Figure 3.1: Schematic of Photocatalysis that occurs in aqueous solution (Purifics® ,
2009).

3.2 Advanced Oxidation Process using TiO2 Photocatalysis and the Photo-Cat system.

The Photo Cat system that was used for phosphorus removal in this chapter is a

flexible water purification technology that has been commercially available since 1994
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(Purifics®, 2009). The main advantage of the Photo Cat system is that it can support

sustainable development, eliminating necessity for chemical oxidants. This system can

destroy organic pollutants in wastewater by using chemical reactions, as explained earlier

in this.

Other than conventional catalytic processes such as the catalytic converter on

automobiles, TiO, in the Photo-Cat system uses UV light energy for activation as a

catalyst (Purifics®, 2009). During the experiments using the Photo-Cat system, only

electricity will be used. Figure 3.2 is an actual photo of the Photo-Cat system. This

instrument consists of three parts: the Photo-Catalytic advanced oxidation part, the Ultra

Violet irradiation part, and the ceramic membrane UF part. (Purifics®, 2009).

Photo-Cat

Ceramic
Membrane UF

Photocatalytic
Advanced Oxidation

Figure 3.2: The structure of Photo-Cat system in Purifics. The Photo-Cat system
(3.6m L x 1.02m W x 1.98m H) basically consists of three part as explained above
(Purifics®, 2009).
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3.3 Methodology

In laboratory model systems, phosphate has been shown to bind to TiO2 nano

particles with as much as 80% of phosphorus being separated to the solid surface (Kang

etal.,2011). The Photo-Cat systems are TiO> based systems which can potentially remove

phosphorus as currently configured, however, this needs to be tested for some parameters

(e.g. pH, ionic strength). In terms of a progression of samples for testing, simple

phosphate such as orthophosphate will be tested first. Then organic compounds and real

wastewater samples will be tested. For inorganic phosphate removal, no UV light is

necessary, however, for figuring out how the UV light works on phosphate removal,

especially on organic phosphorus, UV light will be utilized to potentially convert organic

phosphorus to reactive phosphate, which can be removed by surface complexation of

TiOs.

The basic method involved cycling test water through the Photo-Cat system and

taking two types of sample: orthophosphate and organic phosphate. Thus, the first

experiment is testing removal of reactive phosphorus (RP) in sample solutions (e.g.

orthophosphate), and the second experiment is testing removal of organic phosphorus in

sample solutions including real water and wastewater. To find out optimal parameters of

phosphorus removal, pH, ionic strength and UV light will be discussed as dependent

variables.
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Phosphorus was measured using Standard Methods 4500P-E ascorbic acid

method. A complete introduction and explanation of the ascorbic acid method can be

found in Chapter 2.

The absorbance was measured using an auto analyzer, also known as an auto

colorimeter. Synthetic Waste Water (SWW) samples that include inorganic phosphorus

were directly measured by the ascorbic acid method for measuring total reactive

phosphorus (tRP) without any pretreatment. However, for measuring SWW and real

wastewater samples that include organic phosphorus, a digestion procedure (persulfate

and heat) was used as a pretreatment for measuring total phosphorus (TP).

3.3.1 Persulfate Digestion for Total Phosphorus

For determination of total phosphorus (TP) in samples, a digestion procedure is

needed because only phosphate can be measured by the colorimetric method (Smith,

2015). There are diverse digestion techniques have been used for TP determination.

During the experiments, the acidic persulfate oxidation method was used. In this method,

ammonium persulfate ((NHa4) 2S205) is used along with sulfuric acid to oxidize organic

and condensed phosphorus compounds in a sample so that they can be measured as a form

of reactive P (RP) by the colorimetric method (W. Maher and L. Woo, 1998; H. Gray,

2012). In persulfate digestion, the persulfate anion is reduced to the sulfate anion. The
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two electrons that were donated by broken bonds of the oxidized compounds react with
persulfate anions. This reaction is explained by equation 3.1 (Smith, 2015).
S208% + 2e” — 25047 (Smith, 2015) (Eq.3.1)
A TP digestion of a 2.5mL sample is processed by the addition of 20mg of
ammonium persulfate and 100uL of 11N H2SO4. After that, the prepared sample is heated
using HACK DRB200 digital reactor block digestor (Loveland, Colorado) for 120
minutes at 105°C. After 120 minutes, the sample is cooled to room temperature and 10puL
of phenolphthalein indicator is added. Lastly, the solution is neutralized to a faint pink
color by the addition of 1M of NaOH and diluted to 5mL with Milli-Q water for the
colorimetric method. After this procedure, the ascorbic acid method was followed for the

determination of residual phosphorus in sample using auto analyzer.

3.3.2 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a technique to determine the size of particles.
Specifically, DLS can show actual particle size by measuring the diffusion constant of
particles suspended in solution (Kwon, 1999). This DLS technique is widely used because
it has not only short measurement time but also simple operation procedure. However, if
the sample solution has diverse particles in it, the measurement accuracy decreases

dramatically (An, 2012).
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For determination of size of particles, the Malvern DLS instrument which can

measure the particle size within a range of 0.3nm to 10um were used. The Malvern DLS

instrument creates an autocorrelation function that comes from the measured fluctuations

in the scattered light intensity over determined time by users. The equivalent

hydrodynamic diameter of the particles can be measured from the diffusion constant by

applying the Stokes-Einstein relationship (Kwon, 1999). In the Stokes-Einstein

relationship, the particles are assumed to be spherical and non-permeable. In addition, by

using cumulant analysis and distribution analysis, this instrument can give not only a z-

average hydrodynamic diameter (dprs) and a polydispersity index (PDI) but also an

intensity-weighted size distribution (Baalousha and Lead, 2012).

3.3.3 Sample Preparation

All the solutions used in the experiments were prepared from certified reagent

grade chemicals, which were used without any further purification. Reaction vessels were

treated with 5% HNOs3 and rinsed 2-times with Milli-Q water before they were used.

During the experiments, a synthetic wastewater (SWW) was used for measuring

phosphorus removal in similar condition compared to real wastewater sample. A ph was

fixed at 6 and ionic strength was varied using half salt, 1x salts and 2x salts. A SWW was

made based on the recipe shown in Table 3.1 (Jung ef al., 2005).
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Table 3.1: A SWW sample basically has 5mg/L of initial phosphorus. However,
samples have different reagent concentration for varying ionic strength of

synthetic wastewater (Jung et al., 2005).

Used Reagents Reagent Concentration (mg/L)
Calcium Chlroride (CaCl») 2.4
Magnesium Sulfate (MgSOs) 24.0
Sodium Bicarbonate (NaHCO3) 300.0
Sodium Acetate (CH3COONa) 820.3
Potassium Phosphate (KH2PO4) 5.0

In order to determine the influence of pH on tap water in terms of phosphorus

removal without the addition of TiO2 nanoparticles, the basic SWW samples described

in Table 3.1 were diluted with three types of water shown in Table 3.2 below. In

addition, to characterize particle size at different pH, the dynamic light scattering (DLS)

technique was used.

Table 3.2: For determination of effect of pH, not only the tap water from different

region but also milli-Q water used for dilution of sample.

Sample Dilution

phosphorus concentration (mg/L)

SWW + London (ON) tap water

SWW + Waterloo (ON) tap water

SWW + Milli-Q water

2.765mg P/L
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Not only synthetic organic phosphorus but also real water samples collected in

Luther Marsh (stock solution with a terrestrial reverse osmosis organic matter isolate)

and Speed River (43° 23" 15" N, 80° 22’ 1.5” W, ON, Canada) were used. More details

on Luther Marsh organic matter sample not only location but also chemical

characteristics are found in a literature (Gheorghiu ef al., 2010). Speed River sample

grabbed at actual site. For making a certain amount of phosphorus in real water samples

collected at local site, 1x SWW was added. For synthesizing organic phosphorus, three

types of organic phosphorus found in Table 3.3 are used. Different types of organic

phosphorus were used to make Smg/L of initial phosphorus. The ionic strength is

maintained by following basic synthetic wastewater recipe.

Table 3.3: Recipe for making of organic phosphorus. ATP, AEP and phytic acid
are used for synthesizing wastewater samples.

Used Organic phosphorus Reagent Concentration (mg/L)
Adenosine Triphosphate (ATP) 1.67mg/L
Aminoethyl Phosphate (AEP) 1.67mg/L
Phytic Acid 1.67mg/L

For real wastewater samples, effluent from the anaerobic membrane bio reactor

(AnMBR), as well as industrial influent and effluent were used without any further

treatment shown in Table 3.4. Industrial influent and effluent were from an anonymous
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source and details on AnMBR is found in Gray, 2012.

Table 3.4: Real wastewater samples were used to determine phosphorus removal
by Photo-Cat system. Due to the high ratio of non-reactive phosphorus (NRP) in
these sample, persulfate digestion was used to determine TP.

Phosphorus Concentration
Wastewater Collected Note
(mg/L)
AnMBR Effluent 2.5-3mg P/L Added directly as collected
Industrial influent 6 mg/L Added directly as collected
Industrial effluent Less than Img/L Added directly as collected

For measuring TP, the digestion technique must be performed in order to convert
organic phosphorus into RP for the colorimetric method. For the persulfate digestion
procedure, ammonium persulfate and sulfuric acid were used. After digestion, collected
samples were analyzed using an auto colorimeter (AA3, SEAL Analytical, Canada) to

measure how much phosphate could be removed by putting TiO> nanoparticles.

3.3.4 Reagents and Materials

TiO2 P25 (obtained from Aeroxide®) consisting of anatase and rutile with a ratio
of 80:20 and having BET surface area of 50m?/g and average particle size of 21nm was
used as a sorbent without further treatment in this experiment (Evonik Industry, 2015).

For synthesizing a simple waste water sample (inorganic phosphorus sample),
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monopotassium phosphate (KH2PO4, 99%, VWR, USA), calcium chloride (CaCl>, 99%,

VWR, USA), magnesium sulfate (MgSO4, 99%, VWR, USA), sodium bicarbonate

(NaHCOs3, 99%, VWR, USA), and sodium acetate (CH3COONa, 99%, VWR, USA) were

added to Milli-Q water (18.2MQ, Milli-Q water) and a sample of 5mg P/L was made. For

making  synthetic waste water sample of organic phosphorus, AEP

(HaN(CHa2),0P(O)(OH), 99%, VWR, USA), ATP (C10H16NsO13Ps, 99%, VWR, USA),

and phytic acid (CsHis024Ps, 99%, VWR, USA) were used. Lastly, real wastewater

samples were collected from Luther Marsh. During the experiments, pH was a range of 4

t010 adjusted by 1M of HCI and NaOH. Ammonium persulfate ((NH4)2S20s, Sigma

Aldrich, USA) and sulfuric acid (H2SOs, VWR, USA) were used.

An auto colorimeter (AA3, SEAL Analytical) was also used for determining

phosphorus concentration by the absorbance value. The mixed reagent was prepared in

combination with sulfuric acid (H2SO4) (98+%, EMD Millipore, USA), ascorbic acid

(98+%, Alfa Aesar, USA), ammonium molybdate (H24Mo07N¢O24-4H>0, Sigma Aldrich,

USA) and potassium antimonyl tartrate (CsHsK2012Sb2-3H20, 99+%, Sigma Aldrich,

USA). . The absorbance was measured with 10 mm flow-cell at 660 nm.

For characterization of precipitation and determination of particle size in tap

water samples, Zetasizer Nano ZS (Melvern Instruments, U.K) was used.
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3.4 Result and Discussion

In Chapter 2, phosphorus adsorption onto TiO> mixed bulk powder is presented

in Figure 2.10 and that showed approximately 27% of bound phosphorus to the surface.

In this chapter, TiO> nanoparticles will be discussed. TiO2 nanoparticles are used as an

adsorbent, and are known for their huge surface areas. Thus, more phosphorus removal

is expected when using nanoparticles than when using bulk powder due to the high

binding capacity of nanoparticles. In Figure 3.3, as expected, maximum phosphorus

removal was achieved approximately 100% at pH around 10, which is much higher than

the maximum phosphorus removal with TiO; bulk powder. However, the trends of pH

dependence for nanoparticles seem to be inversed in comparison with the trend with

bulk powder. Thus, the trend of nanoparticles may also be related to other significant

parameters such as ionic strength or choice of tap water for dilution of sample.
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Figure 3.3: Percent phosphorus removal at different pH. In terms of phosphorus
removal, TiO2 nanoparticles show much higher removal than bulk powder with
inversed pH dependence. Based on the recipe in Table 3.1, phosphorus represents

orthophosphate in this test.
3.4.1 The Influence of lonic Strength and pH for Phosphorus Removal
For determination of the optimal phosphorus removal conditions of the Photo-Cat
system, ionic strength, acetate, and pH were taken into account as dependent variables.
In Figure 3.4, it can be found that phosphorus removal is not affected by salt
concentration of the synthetic wastewater. The result of both test 1 and 2 shows no specific
trends or significant difference in phosphorus removal. Thus, it is clear that ionic strength
is not a dependent variable to determine the optimal condition of phosphorus removal
using TiO> nanoparticles.
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Acetate was used for proton competition. If acetate work as expected, phosphorus

removal will be decreased. However, in Figure 3.5, no changes can be observed between

sample with acetate and without acetate. Thus, like ionic strength, acetate turned out that

it is not a dependent variable in this chapter.
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Figure 3.4: Percent phosphorus removal versus ionic strength of synthetic
wastewater sample. Both test 1 and 2 do not show a huge difference and any trends

in terms of phosphorus removal. SWW were made based on Table 3.1.

78



100
90
80
70
60
50
40

Percent Removed (%)

w/0 acetate W acetate

Figure 3.5: Percent phosphorus removal with and without acetate in samples. There
is no difference between blue (34% of phosphorus removal) and red bar (33% of P

removal) in terms of phosphorus removal. SWW were made based on Table 3.1.

In terms of pH dependence, phosphorus removal occurred in the Photo-Cat system
with increasing pH with or without the addition of TiO: nanoparticles. Phosphorus
removal tests with TiO> nanoparticles could achieve more than 90% of phosphorus
removal on average as shown in Figure 3.6. Interestingly, below pH 8, less than 12% of
phosphorus was removed just by pH adjustment without the addition of TiO;
nanoparticles. However, above pH 10, it is observed that approximately 60% of
phosphorus was removed. Thus, more ideas and experiments should be considered to

determine phosphorus uptake without TiO2 nanoparticles.
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Figure 3.6: A percentage of removed phosphorus onto TiO2 nanoparticles. It is
shown that even without TiO2 nanoparticles, phosphorus in London tap water seems

to be removed in this Figure.
3.4.1.1 The Effect of pH on Phosphorus Removal in Tap Water
Interestingly, in Figure 3.3, inversed pH dependence trend is observed compared
to pH dependence with TiO2 bulk powder. In addition, phosphorus removal was achieved
even without the addition of TiO2 nanoparticles. Thus, for determination of this opposite
of expectation, a few testable hypothesizes have to be cleared.
1. Can ceramic membrane filter remove phosphorus?
2. Can insitu generation of Ca-P or Mg-P precipitates influence phosphorus removal?
The Photo-Cat system has its own functional membrane filter, which is made of

alumina that is known to remove phosphorus but has pH dependence (Tanada et al., 2003).
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Thus, as pH changes, phosphate might bind to the ceramic membrane filter. In addition,
tap water that was used during the tests to dilute samples could also influence phosphorus
removal because general tap water usually contains various constituents in itself, such as
Ca2*, Mg 2,

Several tests were performed in order to demonstrate an effect of tap water
without the addition of TiO2 nanoparticles for achieving phosphorus removal. Samples’
pH varied from 2 to 10 while including 2.76mg P/L. Samples were diluted with Milli-Q
water, tap water from London, and tap water from Waterloo.

In Figure 3.7, all the samples at pH from 2.2 to 9.9 without TiO2 nanoparticles
show no phosphorus removal with the exception of the tap water from London with
approximately 56% phosphorus removal at around pH 10. According to previous
research, reactions between minerals such as Mg?" or Ca*" and phosphate can form
struvite or apatite at various pH value (Kim, 2004; Hao ef al., 2008; Turker and Celen,
2010). In addition, it was reported in literature (Song et al., 2002) that precipitation
between calcium and phosphate to produce calcium salt in a sample.

In Figure 3.8, solubility of calcium phosphates was plotted under the
assumption that concentration of Ca** is 36 mg/L (i.e. actual Ca>" concentration

measured by ICP was approximately 36 mg/L). Based on this Figure 3.8, supersaturated
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point of calcium phosphates can be determined. For example, above pH 6, apatite starts
to be supersaturated and above pH 7.5, CasH(POs); starts to be supersaturated

(phosphate represented with yellow line).
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Figure 3.7: A percent removed phosphorus without the addition of TiO:2

nanoparticles. During the test, only the London tap water shows approximately 56%
of phosphorus removal at pH 10.
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Figure 3.8 Solubility of calcium phosphates. The solubility of calcium phosphate

phases has been calculated under the assumption that [Ca?*] = 36 mg/L.

Dynamic light scattering (DLS) techniques are well known for characterization
of particle size. Thus, to clarify the actual particle size of apatite in the tap water
sample, the Zetasizer, which can measure particle size using the principle of DLS was
used. In Figure 3.9, the tap water from London shows a much larger diameter at pH 10,
that is around 6.9 um. The particle size of the other samples was much smaller,
approximately 0.9-2.0 um. This can explain phosphorus removal at pH 10 without the
addition of TiO> nanoparticles. At pH 10, the London tap water seems to have a high
enough concentration of minerals (e.g. Ca>") compared to other samples. A particle size

of 6.9 um is more than two times larger than the others’ average size. Thus, this size
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difference between low pH and high pH may be a demonstration of precipitation such as

apatite, or calcium phosphate.

Moreover, the Zetasizer can give other values to characterize detected particles,

such as attenuator. Due to particles’ density in sample, a laser beam used as a light

source can be scattered. In Table 3.5, relationship between the attenuator index and

transmission value is shown. Based on Table 3.5, density of particles in sample can be

determined. That is, if attenuator value is 11, which means 100% transmissivity, the

sample has no particles to interrupt light penetration.
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Figure 3.9 An average particle size measured using the Zetasizer with pH range of
2-10.
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Table 3.5: Relationship between the attenuator index and transmission value
(adapted from Zetasizer nano series manual, 2013).

Attenuator Index Transmissivity (% Nominal)
1 0.0003
2 0.003
3 0.01
4 0.03
5 0.1
6 0.3
7 1
8 3
9 10
10 30
11 100

In Table 3.6, only London tap water at pH 10 shows different attenuator value,
which is 8. This means more particles are present in this sample. Since a value of 11

represents 100% transmissivity, it seems that all samples except London tap water at pH
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10 have few particles which allow laser beam to penetrate each sample without light

being scattered.

Table 3.6: Attenuator index for each sample at various pH values. London tap
water at pH 10 shows value of 8.

Sample name pH Attenuator index
2 11
6 11
London tap water
8 11
10 8
2 11
Waterloo tap water, 6 11
Milli-Q water 8 11
10 11

For the demonstration of mineral precipitation or coagulation, actual mineral
concentration in both London and Waterloo tap water were measured by ICP-OES
(Inductively Coupled Plasma Optical Emission Spectroscopy). It turned out that London
tap water contains 36.18 mg/L of calcium, whereas, calcium constituent of Waterloo tap
water was 0.87 mg/L. That is, calcium concentration in London tap water is

approximately 41 times higher than that of Waterloo tap water. Thus, due to high
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calcium concentration, much phosphorus in London tap water react with calcium to
produce calcium phosphates at high pH like 10. As Figure 3.7 is plotted based on [Ca?']
of 36 mg/L, at pH 10, London tap water should be supersaturated. In addition,

phosphorus removal without the addition of TiO, nanoparticles can be explained by

production of calcium phosphates.

3.4.2 Various Parameters for Real Water regarding Phosphorus Removal

The Advanced Oxidation Process (AOP) is the technology utilized in the Photo-
Cat system by using free hydroxyl radicals (6 OH) as a strong oxidant to break down
organic phosphorus in wastewater (Metcalf & Eddy, 2003). In the Photo-Cat system,
free hydroxyl radicals can be formed by irradiation of UV light. Thus, basically organic
P can be converted into phosphate. Once phosphate is formed after irradiation of UV
light, it may bind to the TiO2 nanoparticles to form surface complexation or be removed
by mineral precipitate (see above).

In Figure 3.10, among four types of sample including synthetic organic
phosphorus and real water, not much difference is observed between the result with UV

light and without UV light in terms of phosphorus removal.
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Figure 3.10 A comparison of phosphorus removal with UV light and without UV
light at pH 6, and with pH 10. TiO2 nanoparticles were added into the Photo-Cat
system before measuring. All samples shown in this graph contain more than 90%
of RP except organic phosphorus. Thus, majority of removed phosphorus during

this test was thought to be RP (e.g. orthophosphate).

Samples irradiated by UV light do not show any significant difference in terms
of phosphorus removal. The explanation could be that UV light does not actually
convert organic phosphorus into RP with photo-oxidation as expected. However,
interestingly, pH adjustment to 10 showed over 90% of phosphorus removal in every
sample. The influence of pH adjustment on phosphorus removal on tap water was
demonstrated in section 3.4.1.1, and all samples added into Photo-Cat system were

diluted with tap water (London). Thus, by adjustment of pH, minerals such as calcium
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or magnesium could be bound to phosphate to form a precipitation causing phosphorus

uptake in samples.

The effect of the ceramic membrane filter in the Photo-Cat system was revealed

by using two real wastewater samples (referred to as plant effluent and industrial

wastewater) collected at an anonymous water pollution control plant. Before running the

Photo-Cat system, initial TP was measured by ICP to determine how much TP could be

removed by using the ceramic membrane filter. Collected real wastewater samples were

directly poured into the Photo-Cat system and not diluted with tap water. Thus, the

ceramic membrane filter should be the only parameter to be taken account of.

In Figure 3.11, red and blue bar represent percent phosphorus removal and

green and yellow dot represent phosphorus concentration in samples. In this graph, the

ceramic membrane filter shows 36-45% of phosphorus removal on industrial

wastewater. TiO2 nanoparticles and UV light turned out not to influence phosphorus

removal on industrial wastewater.

Interestingly, TiO2 nanoparticles and UV light seem to affect to phosphorus

removal on plant effluent sample in the aspect of phosphorus removal efficiency.

Ontario regulation for this anonymous plant are for an average TP of 0.3 mg/L, thus the

Photo-Cat system can remove phosphorus to below permitted value (0.3 mg P/L).
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Based on Figure 3.12, high amount of non-reactive P (NRP) can be found in
industrial wastewater. Unlike SWW samples used in this chapter, real wastewater
sample considered to contain much non-reactive phosphorus in it. Although synthetic
organic phosphorus sample showed phosphorus removal with TiO2 nanoparticles, non-
reactive phosphorus in real wastewater could not be removed by adding TiO»
nanoparticles nor UV light. It seems that the NRP in this industrial influent might be
very refractory phosphorus (e.g. phosphonates) compared to reactive phosphorus and

thus be difficult to remove.

100 5
90 @) 45
® O
80 4
=
70 35
S o
< 60 3 D
o E
§ 50 25 O
2 g
e 40 2 >
o7} o
- 30 1.5 GE)
s
20 1
10 0.5
0 0
w Membrane filter w TiO2 w UV+pH 10
m Plant effluent m Industrial wastewater
OPlant effluent (mg-P/L) @ Industrial wastewater (mg-P/L)

Figure 3.11 The y axis on left side represents percent removed phosphorus
correspond to red and blue bars whereas the value on right side represents removed
phosphorus concentration correspond to green and yellow dot. As a value of initial

pH of industrial wastewater was around 10, pH adjustment was not needed.
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Figure 3.12: A comparison between TP and tRP. A real wastewater sample thought
to contain much NRP (e.g. phosphonate) compared to other samples used in this
chapter. The gap between red bar and blue bar should be NRP in this Figure.
Approximately 37% of TP (including NRP) seems to be removed by the ceramic
membrane filter.

3.5 Conclusion

The investigation to optimize efficient condition for phosphate removal by TiO2 nano
particles with using Photo-Cat system was performed in this chapter. The possible
parameters for phosphorus removal by TiO> nanoparticles were ionic strength, acetate,
sample’s pH, effect of tap water, and the ceramic membrane filter.

An ionic strength varied half salt, 1x salt, and 2x salt as a relative ionic strength

based on the recipe (Jung et al., 2005). To observe any phosphate competition by acetate,
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acetate also added. The result shows that there was no huge gap among different ionic
strength in terms of phosphorus removal and the addition of acetate did not show any gap.
It seems that an ionic strength and acetate do not need to be considered as a parameter.
A pH dependence of phosphorus removal using TiO> which confirmed in

previous chapter also found using nanoparticles. However, using Photo-Cat system,
inversed phosphorus removal trend was observed in comparison with the previous result.
As tap water was used for dilution of synthetic wastewater sample, the investigation for
effect of tap water was fulfilled. Interestingly, tap water used for Photo-Cat system shows
similar trend in terms of phosphorus removal without the addition of TiO2 nanoparticles.
During the investigation, Milli-Q water and tap water collected at London, Ontario (used
for Photo-Cat system) and Waterloo, Ontario were used. Tap water generally contains
minerals such as Ca** and Mg > as major constituents. In previous research, calcium
phosphate and apatite shows similar pH dependence trend was reported, thus, it seems
that tap water collected at London contains higher calcium concentration compared to
Waterloo tap water and Milli-Q water. Average particle size in each tap water and Milli-
Q water measured by the Zetasizer could also demonstrate the difference. The Zetasizer
shows London tap water at pH 10 has much particle in it and its size also much larger

than the other samples’ particle size.
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In terms of phosphorus removal of real wastewater sample, TiO2 nanoparticles

seems not to remove nonreactive phosphorus. However, the ceramic membrane filter

shows 38% of phosphorus removal.

In summary, TiO> nanoparticles can remove RP as well as synthetic organic

phosphorus during the investigation. However, anthropogenic phosphorus (e.g. NOP)

can’t be removed by TiO> nanoparticles using Photo-Cat system. And ceramic membrane

filter that utilized in Photo-Cat system could achieve efficient phosphorus removal and

majority of removed phosphorus is considered to NOP.
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3.7 Appendix A: Supplementary Information for Chapter 2

A.1. MATLAB™ script used to simulate surface complexation model for phosphate

adsorption onto TiOa.

function PP=Captain choi TiO2s boundphosphate varypH

clear; Figure(l); clf; Figure(2); clf; Figure(3);clf

5%%%%%5%%%5%%5%535%535%5555555555%535%535%535%5055005005005%505%35%35%535%5%%5%55
pH=4:0.01:10.0;
=(6.458 * 107-5) ; % total phosphate
$PT=1e-18;
ASF=1.3;
TiT=(2.51 * 107-4); % TiO2
TiT=ASE*TiT;
$TiT=1e-18;
=[3.95 4.2 5.6 5.97 8 8.18 9.6 10
17
BP=[1.6E-05 1.42073E-05 1.35615E-05 1.32709E-05 9.94511E-06 1.15596E-
05 1.14304E-05 9.88053E-06

[species, names]=determine species (TiT, PT,pH);

for i=l:size (pH,2)

for j=l:size(species, 2)
txt=[names (j, :), "' (i)=species(i,J);"']1;
eval (txt)

end
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plot (pH,TiO, pH, TiOH, pH, TiOH2)

set (gca, 'fontsize',14, 'linewidth',2)

xlabel ('pH', 'fontsize', 14)

ylabel (' [species] (mol/L)','fontsize',14)
legend('TiO"-"', '"TiOH', 'TiOH 27+', 'location',

'SouthOutside', 'orientation', 'horizontal' )

Figure (2)

plot (pH, PO4, pH, HPO4, pH, H2P0O4,pH, H3P0O4)

set (gca, 'fontsize',14, 'linewidth', 2)

xlabel ('pH', 'fontsize', 14)

ylabel (' [species] (mol/L)','fontsize',14)
legend('PO_473-','"HPO 472-','H 2PO_4"-','H 3PO 4','location',

'SouthOutside', 'orientation', 'horizontal' )

Figure (3)

plot (pH, (TiOPO3+Ti02P0O2+T1i02POOH), 'b',pH,PT, 'r-"', "linewidth', 2)
hold on

plot (pH, (Ti0PO3), '"b—-", "linewidth', 2)

plot (pH, (T1i02P02), 'r--", 'linewidth', 2)

plot (pH, (T102POOH), 'g--"', 'linewidth', 2)

plot (pH,ones (size (pH) ) *PT, 'r-', 'linewidth', 2)

set (gca, 'fontsize', 14, 'linewidth', 2)

xlabel ('pH', "fontsize',14)

ylabel (' [species] (mol/L)','fontsize',14)

legend ('Bound P', 'Total P', 'location',
'SouthOutside', 'orientation', "horizontal' )

axis([4 10 0 6.6*10"(-5)1)

hold on;

plot (PH,BP, 'ko', 'markersize', 5, 'markerfacecolor', 'b")

set(gca, 'linewidth',2, "fontsize', 14)

save species.txt species -ascii
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end

function [II,GG]=determine species (TiT, PT, pH)

warning ('off")

[KSOLUTION, KSOLID,ASOLUTION, ASOLID, SOLUTIONNAMES, SOLIDNAMES]=get equil

ib defn;

numpts=size (pH, 2) ;

Ncp=size (ASOLID,1);

solid summary=zeros (numpts,Ncp) ;

for i=1l:size (SOLIDNAMES, 1)

txt=[SOLIDNAMES (i, :), '=zeros (numpts, 1) ;']; eval (txt)

end

for i=l:size(pH,2)

)

% adjust for fixed pH

[Ksolution,Ksolid,Asolution,Asolid]l=get equilib fixed pH(KSOLUTION,KSO

LID,ASOLUTION, ASOLID,pH (1))

Asolid SI check=Asolid; Ksolid SI check=Ksolid;

[

% number of different species

Nx=size (Asolution, 2); Ncp=size(Asolid,l); Nc=size(Asolution,l);

o

s initial guess

iterations=1000; criteria=le-16;

T=[TiT TiT PT]; guess=T./10;
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% calculate species using NR

solids=zeros (1,Ncp) ;

if i==1;
[species,err,SI]=NR method solution(Asolution,Asolid,Ksolid,Ksolution,
T', [guess(1:Nx)]',iterations,criteria); end

if i>1;

[species,err,SI]=NR method solution(Asolution,Asolid,Ksolid,Ksolution,
T', [species (2:Nx+1)],iterations,criteria);

end

for gg=1:Ncp

[Y,I]=max (SI);

if ¥>1.000000001
Iindex (gq)=1;
Asolidtemp(gq, :)=Asolid SI check(I,:); %'MOH2s', 'NiCO3s'
Ksolidtemp (qqg, :)=Ksolid SI check (I, :);
solidguess (gq)=T(I)*0.5;
% solidguess (gqq)=min (T)*0.015;
if i>1;
$1if max(solids)>0
txt=['solidguess (gq)=",SOLIDNAMES (I,:),"(i-1);"];
eval (txt);
send
end

guess=[species (2:Nx+1) ' solidguess];
[species,err,SItst,solids]=NR method (Asolution,Asolidtemp',Ksolidtemp,

Ksolution,T',guess',iterations,criteria);

for g=l:size(solids,1);
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txt=[SOLIDNAMES (Iindex(q),:), ' (i)=solids(q);']l; eval (txt)
end
end
Q=Aso0lid*1logl0 (species (2:Nx+1)); SI=10." (Q+Ksolid); Ifirst=I;

end

Q=Aso0lid*1logl0 (species (2:Nx+1)); SI=10."(Q+Ksolid);

SI _summary (i, :)=SI;

species summary (i, :)=species;

mass_err summary (i, :)=(err(l));

Asolidtemp=[]; Ksolidtemp=[];

end

for i=l:size(species summary, 2)

txt=[SOLUTIONNAMES (i, :), '=species summary(:,1);']; eval (txt)

GG=strvcat (SOLUTIONNAMES, SOLIDNAMES) ;

end

T —mmmmmmm NR method solids present

function
[species,err,SI,solids]=NR method (Asolution,Asolid,Ksolid, Ksolution,T,

guess,iterations,criteria)

Nx=size (Asolution, 2); Ncp=size(Asolid,2); Nc=size (Asolution,l);

X=guess;
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for II=1:iterations

Xsolution=X(1:Nx); Xsolid=[]; if Ncp>0; Xsolid=X (Nx+1:Nx+Ncp); end

logC=(Ksolution)+Asolution*1logl0 (Xsolution); C=10."(logC); % calc

species

if Ncp>0;
Rmass=Asolution'*C+Asolid*Xsolid-T;

end

if Ncp==0; Rmass=Asolution'*C-T; end % calc residuals in mass

balance

Q0=Aso0lid'*1loglO (Xsolution); SI=10."(Q+Ksolid);
RSI=ones (size (SI))-SI;

)

% calc the jacobian

z=zeros (Nx+Ncp, Nx+Ncp) ;

for j=1:Nx;
for k=1:Nx;
for i=1:Nc;
z(j,k)=z(j,k)+Asolution (i, j)*Asolution (i, k) *C(i)/Xsolution (k); end
end

end

if Ncp>0;
for j=1:Nx;
for k=Nx+1:Nx+Ncp;
t=Asolid’';
z (3, k)=t (k-Nx,3);
end

end
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end

if Ncp>0
for j=Nx+1:Nx+Ncp;

for k=1:Nx

z(j,k)=-1*Asolid (k, j-Nx) * (SI(j-Nx)/Xsolution (k));

end
end

end

if Ncp>0
for j=Nx+1:Nx+Ncp
for k=Nx+1:Nx+Ncp
z(3,k)=0;
end
end

end

R=[Rmass; RSI]; X=[Xsolution; Xsolid];

deltaX=z\ (-1*R);

$deltaX=-1*inv (z) * (R) ;

one over del=max([l, -l*deltaX'./(0.5*X"')1);

del=1/one over del;

X=X+del*deltaX;

$X=X+deltaX;

tst=sum(abs (R)) ;

if tst<=criteria; break; end

logC=(Ksolution)+Asolution*logl0 (Xsolution);
species

RSI=ones (size (SI))-SI;
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if Ncp>0; Rmass=Asolution'*C+Aso0lid*Xsolid-T; end % calc residuals in

mass balance

o)

if Ncp==0; Rmass=Asolution'*C-T; end $ calc residuals in mass balance

err=[Rmass];

species=[C];

solids=Xsolid;

end

$ —mmmm—————— NR method just solution species

function

[species,err,SI]=NR method solution(Asolution,Asolid,Ksolid,Ksolution,

T,guess,iterations,criteria)

Nx=size (Asolution,?2); Ncp=size (Asolid,l); Nc=size (Asolution,l);

X=guess;

for II=1:iterations

Xsolution=X(1l:Nx) ;

logC=(Ksolution) +Asolution*1logl0 (Xsolution); C=10."(logC); % calc

species

Rmass=Asolution'*C-T;

Q=Asolid*1logl0 (Xsolution); SI=10."(Q+Ksolid)

RSI=ones (size (SI))-SI;
% calc the jacobian

z=zeros (Nx,Nx) ;

for j=1:Nx;
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for k=1:Nx;
for i=1:Nc;
z(j,k)=z(j,k)+Asolution (i, J) *Asolution (i, k) *C(i)/Xsolution(k); end
end
end
R=[Rmass]; X=[Xsolution];
deltaX=z\ (-1*R);
$deltaX=-1*inv (z) * (R) ;
one over del=max([1, -1*deltaX'./ (0.5*X")1);
del=1/one over del;
X=X+del*deltaX;

$X=X+deltaX;

tst=sum(abs (R)) ;

if tst<=criteria; break; end
end
logC=(Ksolution)+Asolution*1ogl0 (Xsolution); C=10."(logC); % calc
species

RSI=ones (size (SI))-SI;

O0=Asolid*logl0 (Xsolution); SI=10." (Q+Ksolid);

RSI=ones (size (SI))-SI;

Rmass=Asolution'*C-T;

err=[Rmass];

species=I[C];

end
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[}

5 ——--- equilib definition ---------------—-
function

[KSOLUTION, KSOLID,ASOLUTION, ASOLID, SOLUTIONNAMES, SOLIDNAMES]=get equil
ib_defn;

$H+ TiOH S2 P04 logK species name

Tableau=/[...
1 0 00O {"H"}
00O {'TioH"'}
0 0 010 {'PO4"}
0 0 100 {'s2"}
-1 0 0 0 -14 {'"OH"}
1 1 00 3.9 {'TiOH2"}
-1 1 0 0 -8.7 {'Ti0"}
1 0 0 1 11.66 {"HPO4 "}
2 0 0 1 18.64 {"H2PO4 "}
3 0 01 20.65 {"H3PO4 "}
1 0 11 14.3 {"Ti0PO3"}
2 2 01 25.1 {'Ti02P02"}
3 2 01 29.6 {"Ti02POOH"}

% H+ TiOH PO43- Log K

% TiOH+ 1 1 0 3.9

% Tio- -1 1 0 -8.7

% HPO42- 1 0 1 11.66
% H2PO4- 2 0 1 18.64
% H3PO4 3 0 1 20.65

% TiOPO3 1 1 1 30.3

% TiO2P0O2 2 1 1 22.1

% Ti02POOH 3 1 1 15.6
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n=size (Tableau, 2);
ASOLUTION=cell2mat (Tableau(:,1:n-2));
KSOLUTION=cell2mat (Tableau(:,n-1));

SOLUTIONNAMES=strvcat (Tableau(:,n));

STableau=[...
-2 1 0 0 -120.56 {"dummy "'}

ASOLID=cell2mat (STableau(:,1:n-2));
KSOLID=cell2mat (STableau(:,n-1));

SOLIDNAMES=strvcat (STableau(:,n));

end

function
[Ksolution,Ksolid,Asolution,Asolid]l=get equilib fixed pH(KSOLUTION,KSO

LID,ASOLUTION, ASOLID, pH)

[N,M]=size (ASOLUTION) ;
Ksolution=KSOLUTION-ASOLUTION (:, 1) *pH;
Asolution=[ASOLUTION(:,2:M)];
[N,M]=size (ASOLID) ;
Ks0lid=KSOLID-ASOLID(:, 1) *pH;
Asolid=[ASOLID(:,2:M)];

end
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A.2. MATLAB™ script used to simulate experimental data to fit into Freudlich

isotherm model.

function II=Freundlich pH5 isotherm PO4 on Tio2 CaptainChoi

clear; Figure(l); clf

PT=[0.25 0.5 0.9 1.925 2.939 3.981 5 6.07 6.99 100.94]; % mg
P/L

boundP=[0.068686869 0.265306122 0.458823529 0.617142857 0.750515464
0.696296296 0.836363636 0.919587629 0.837037037 0.983256]; % mg P/L

boundP= (boundP) ;
PT=(PT) ;

residualP=PT-boundP;

semilogx ( (PT),boundP, 'ko', 'markersize',10, 'markerfacecolor','r'")
set(gca, 'linewidth',2, "fontsize', 14)

xlabel (' [PO 47{3-}] (mg/L) "', 'fontsize',14)

ylabel ("bound P (mg/L)', 'fontsize',14)

free=PT;

hold on;

options=optimset ('fminsearch');

options=optimset (options, 'Display’', 'iter', 'MaxIter',1000, 'TolX"',le-
4,"'"Tolfun',le-4);

p0=[-5 loglO(1.1)]1;

K=10.7p0(1); n=10."p0(2);

logfreeplot=-5:0.001:2.2; freeplot=10."logfreeplot;

modelguess= (K.*freeplot.”(1./n));

hold on;
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bestfitp = fminsearch (@ (p) freundlich (p, free,boundP), pO,

bestfitp

K=10."bestfitp(l); n=10."bestfitp(2);

model= (K.*freeplot.”(1./n));

hold on;

semilogx (freeplot,model, 'k','linewidth', 2)
axis ([10~(=5) 107(5) 0 1.2])

I11=-1;

end

function II=freundlich (p, free,boundP)

K=10.%p(1l); n=10."p(2);

model=(K.*free.”(1./n));

residual=boundP-model;

IT=10g9l0 (sum( (residual.”2)));

end
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A.3. MATLAB™ script used to simulate experimental data to fit into Langmuir

isotherm model.

function II=simple pHS5 isotherm PO4 on TiO2

clear; Figure(l); clf

PT=[0.25 0.5 0.9 1.925 2.939 3.981 5 6.07 6.99 100.94]; %

mg P/L

bound=[0.068686869 0.265306122 0.458823529 0.617142857 0.750515464
0.696296296 0.836363636 0.919587629 0.837037037 0.983256]; % mg/g

semilogx ( (PT),bound, "ko', 'markersize',8, 'markerfacecolor','g")
set(gca, 'linewidth',2, "fontsize', 14)

xlabel (' [PO 47{3-}] (mg/L) "', "'fontsize',14)

ylabel ("bound P (mg/g)', 'fontsize',14)

free=PT;

options=optimset ('fminsearch')

options=optimset (options, 'Display’', 'iter', 'MaxIter',1000, 'TolX"',le-

4,'Tolfun',le-4)

p0=[-0.1065 -0.5844];

bestfitp = fminsearch (@ (p) Langmuir (p, free,bound), p0, options);
bestfitp

K=10."bestfitp(l); LT=10."bestfitp(2);

logfreeplot=-8:0.0001:5; freeplot=10."logfreeplot;

model= (LT*K*freeplot) ./ (K*freeplot+1) ;

hold on;

semilogx (freeplot,model, 'k--", "linewidth', 2)
axis ([10~(=5) 107(5) 0 1.2])
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I11=-1;

end

function II=Langmuir (p, free,bound)

K=10."p(1); LT=10."p(2);

model=(LT*K*free) ./ (K*free+l) ;

residual=bound-model;

IT=109l1l0 (sum( (residual.”2)));

end
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