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Abstract

A proper management of water treatment systems is not an easy task and it is still imperfect in many
developing countries in the world, whereas, safe water supply systems are diffusing into their
society. This situation is caused by many crucial factors like political, social, and economical
obstacles in developing countries, which directly or indirectly affect the urban water supply system
development and deteriorate the quality of water reaching the consumer. Water quality control is
typically one of the foremost responsibilities of government or local organizations to protect the
inhabitants from water borne diseases. Many authorities conventionally adopt central water
treatment plants (CWTPs) for potable water production. But, unfortunately the produced potable
water is often contaminated by polluted water reaching the consumer prior to consumption. Even
though such contaminations occur, many people continue to use the contaminated water in their
daily lives like drinking, cooking, bathing, and washing. It has also been seen that in many cases
some people boil water or use some conventional and unconventional technologies for minimum
drinking purpose. Boiling water could be an instant alternative solution for getting safer drinking
water, but the removal of heat resistant microorganisms, organic, and inorganic particles are less
expected. Many advanced technologies like microfiltration (MF) and ultrafiltration (UF) also fail
to purify the water to potable level in some cases. As a result, every year millions of people die in
the world due to unhygienic water consumption, especially in developing countries. Thus, an
appropriate advanced water treatment system is desirable for potable water production from

contaminated water sources.

Considering this notion, | proposed and evaluated a reverse osmosis (RO)-based water treatment
system for safe and hygienic drinking water production from contaminated water sources, because
of globalization RO membranes are available everywhere and they can provide an absolute barrier
to all types of pathogens and dissolved particulate matter. Since RO is a sophisticated technology,
its performance and operational life-time depend on pre-treatment processes applied. Fouling is one
of the major problems and foremost antagonist in RO operations. In general foulants are categorized
into four types namely particles, organic, inorganic, and microorganisms. All foulants have a
negative effect on the performance of RO membrane by increasing the operational pressure
simultaneously decreasing the permeate flux. Hence, to protect the RO membrane from particulate,
organic, and inorganic fouling a series of pre-treatment processes, namely a depth filtration with

surface-charge control followed by electrolysis was developed in this research.

In Chapter | of this thesis | summarized contaminated potable water issues in developing countries
and described the concept and ideas behind the development of RO-based water treatment system

for potable water production from contaminated source water.
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In Chapter 11, I discussed the applicability of a reverse osmosis (RO) membrane for potable water
production and major foulants in RO operation with effective permeate flux recovery methods. A
commercially available spiral-wound polyamide thin-film composite type RO membrane element
(TW30-1812-36, Dow Filmtec, USA) was used in this research, because of its low hydraulic
resistance with a greater membrane stability. One of the specific objectives was to evaluate the
rejection rates of physical, chemical, and biological indices of synthetic contaminated source water
containing nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), iron (Fe?*), and manganese (Mn?*).
In addition, the main causes of fouling and an effective method for successive permeate flux
recovery techniques were also discussed for extending the operational life-time. The synthetic
contaminated source water was prepared by a 5-time dilution of municipal wastewater in Ryukoku
University with normal tap water and the addition of NO2-N, NO3z-N, Fe*, and Mn?* at the
concentrations of about 10, 20, 10, and 5 mg/L, respectively. The experimental results showed that
the RO membrane was able to reject suspended solids (SS), biochemical oxygen demand (BOD),
chemical oxygen demand (COD), and total coliform (TC) completely. Besides, the ions rejection
rates were 98% for iron, 97% for manganese, 94% for chloride, 80% for nitrite nitrogen, and 77%
for nitrate nitrogen, respectively. The ammonium (NH4") rejection rate was found to be poor and it
was only 45% probably due to its lower molecular weight. As a result, a pre- or post-treatment
process would be required to meet the drinking water quality standards, especially for NH4*. The
contaminated source water contained organic aggregates and inorganic particles like iron (Fe)
colloids and they were found to be major membrane foulants. The back-flushing operation through
the concentrate port could improve the permeate flux of a RO membranes fouled by organic
aggregates to the permeate flux recovery rate of 37.0% using pure water, and 79.4% using pure
water followed by the 1,000 mg/L of sodium hydroxide (NaOH) solution. The hydrolyzation and
solubilization of organic matter by NaOH was inferred to be responsible for the permeate flux
recovery. On the contrary, the permeate flux of RO membrane fouled by Fe colloids was completely
recovered by back-flushing using pure water, when the back-flushing was applied just after the
fouling. This suggested that the membrane fouling by Fe colloids was mainly caused by the physical
clogging in the membrane element. In addition, NaOH solution showed a better performances in
permeate flux recovery of matured Fe colloidal fouled membrane. The permeate flux recovery rate
reached 89.1%. Consequently, | recommend back-flushing through the concentrate port using 1,000

mg/L of NaOH solution as a back-flushing solution.

From the reverse osmosis (RO) experiments in Chapter 11, it was found that the RO process can
produce good quality water for potable use. However, a few foulants, like organic aggregates and
iron (Fe) colloids, were found to be problematic for the continuous operation of the system.

Accordingly, a pre-treatment of suspended solids (SS) like organic aggregates and Fe colloids
v
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should be introduced prior to the RO process. Hence, | discussed the depth filtration with surface-
charge control of depth filter in Chapter Il for the removal of organic aggregates and Fe colloids.
A conducting carbon fiber felt made from polyacrylonitrile fibers 5.3 um in diameter (Weight per
area: 250 g/m?; Kanai Juyo Kogyo, Osaka, Japan) was used as filter media, and kaolin powder of
0.1-4.0 um in diameter (Nacalai, Tesque, Kyoto, Japan) and ferrous sulfate heptahydrate
(FeS04.7H.0) were used as micro-particles and Fe colloids sources, respectively. The surface-
charge of depth filter was controlled by impressing the terminal voltage of +1.0 V at the filtration
operation and of -1.0 V at the back-washing operation. Since these terminal voltages were within
the potential window of water electrolysis, the electricity was used only for charging the electrical
double layers (EDLs) of the filter media and the counter electrode. The kaolin particles and Fe
colloids removal efficiencies were observed in pure water, water containing anionic surfactant, and
synthetic contaminated source water. In addition, back-washing experiments were conducted to
observe the washout removal efficiency of the particles that desorbed on the filter media in the
filtration step. The kaolin particle removal efficiency of 100% was observed at the terminal voltage
of +1.0 V in pure water with 292.2 mg/L sodium chloride (NaCl) at the hydraulic loading of 283 L
m2 min™. However, the kaolin particle removal efficiency decreased to 22.2-45.7% in synthetic
contaminated source water and 51.1% in the anionic surfactant-contained water. Fe colloids
removal efficiency was observed 96.4-98.1% at alkaline pH and it decreased to 29.9-47.5% in acidic
pH. On the contrary, the kaolin particle washout efficiency of 72.5% was observed at the terminal
voltage of -1.0 V and the hydraulic loading of 1274 L m min*. But, the kaolin particle washout
efficiency was decreased to 55.0-59.5% in synthetic contaminated source water and 4.6-12.5% in
the anionic surfactant-contaminated water. The hydrophobic tails of the anionic surfactant inhibited
in repulsive force mechanism between the filter medium and the particles, which affected the
washout efficiency. The Fe colloids suspension washout efficiency of 59.7% was observed in an
anionic surfactant-free water, but it dropped to 6.4% in the anionic surfactant-contained water.
Consequently, | recommend the hydraulic loading of 283 L m™ min™ with the terminal voltage of
+1.0 V for the filtration mode and the hydraulic loading of 1274 L m min of 292.2 mg/L-NaCl
contained pure water with the terminal voltage of -1.0 V for the back-washing mode.

Chapter Il revealed that the reverse osmosis (RO) process has the potential to produce potable water
with acceptable water quality from contaminated source water. However, the rejection efficiency
of ammonium (NH4") was relatively low even if the RO process was applied. Therefore, a process
assisting the RO process should be introduced for the removal of NH4*. Furthermore, the membrane
fouling was a serious thread for extended operation of the RO process. In order to remove foulants
from the feed water to the RO process, the depth filtration with the active control of the surface-

charge of the filter media was discussed as a pre-treatment technique in Chapter I1l. The depth
\%
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filtration successfully removed particulate foulants from the contaminated source water. However,
a certain amount of total coliform (TC) and general bacteria (GB) passed through the depth filter,
which would cause the biofouling of the RO membrane. Accordingly, a pre-treatment technique for
the removal of TC and GB should be also introduced prior to the RO process. In Chapter IV, |
discussed the removal of NH4" and microorganisms like TC and GB through electrolysis. A two-
compartment electrochemical flow cell with copper mesh cathodes and a platinum-coated titanium
anode was used in this study. The cell had a cation-exchange membrane (Nafion NE-1110, DuPont,
USA) separator for dividing an anodic compartment from a cathodic. Potassium nitrate (KNOz) and
sodium chloride (NaCl) were used for the sources of nitrate and chloride at the final concentration
of 1.42 mM for KNOs (NOs-N=20 mg/L) and 329.68-1318.72 mg/L for NaCl (CI'=100-800 mg/L).
| used a 5-time diluted municipal wastewater from Ryukoku University with normal tap water as
the source of ammonium, TC, and GB for synthetic contaminated source water. A series of
electrolysis experiments revealed that the volumetric electric charge was a critical factor for
conversion of nitrate into nitrite and ammonium as well as anodic production of chlorine. An
increase in the flow rate also enhanced the electrochemical reactions due to the promotion of the
mass transfer process. Higher chloride ion concentration improved the current efficiency of chlorine
production by decreasing the equilibrium electrode potential for chlorine (Cl2) evolution. As a
result, total nitrogen removal via the break-point chlorination mechanism was enhanced. However,
the current efficiency remained low, namely a maximum of 6.1% at a chloride ion concentration of
800 mg/L. In spite of the low current efficiency, the 1.42 mM initial nitrate was decreased to 0.48
mM (NO3™-N=6.78 mg/L) without nitrite and ammonium accumulation during a 1.0 minute contact
time for nitrate reduction and a 15-second contact time for chlorine production at the volumetric
electric charge of 5,100 C/L and CI" concentration of 800 mg/L at pH 7. Under this condition, TC
and GB were removed completely. Consequently, the electrochemical flow cell could provide a
rapid removal technique of nitrogenous compounds and microorganisms from water stream.
Finally, | proposed 5,100 C/L volumetric electric charge with 800 mg/L chloride ion concentration
at pH 7 as an optimum operational condition for the removal of nitrogenous compounds, TC, and
GB.

The final conclusion of this research was summarized in Chapter V. An integrated water treatment
system was proposed to get potable water from contaminated source water, which was composed
of a depth filter with surface charge control and a reservoir equipped with an electrolysis system
and a RO membrane unit that produced potable water as a final product. The depth filter and the
RO membrane unit also had a back-flushing system to extend the operational life-time. As a whole,
this integrated water treatment system was thought to be effective in solving the problems derived

from contaminated source water.
VI
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Chapter I
General Introduction

1.1 Introduction

Potable water supply systems in the world are categorized into centralized, decentralized, or hybrid
ones incorporated with both centralized and decentralized components. Generally, in centralized
water treatment systems potable water is produced in one or a small number of water treatment
plants. Then, water is distributed from there using a pressurized system to consumers throughout
the urban areas. By contrast, in a decentralized water treatment system water is treated on-site and
supplied to the users locally at a house-hold or community level on a small scale. A hybrid system
integrates a centralized water treatment system as a backbone along with decentralized systems in
selected locations. Currently, a decentralized advanced water treatment system in a particular
house-hold or a community is a radical concept in most of developing countries in the world. A
decentralized water treatment system refers to a small scale potable water supply system. In this
context, decentralized water treatment systems are considered as specialized projects particularly
in individual residential areas, multipurpose hotels, schools, colleges, universities, and public

officials or a group of community (Daigger and Crawford, 2007).

The term Millennium Development Goals (MDGs) is a very well-known common phrase in the 20
century. To achieve MDGs in developing countries many international, domestic, and local
organizations are working together in the field of environment, and putting special emphasis on
hygienic drinking water for everyone (United Nations, 2006). The population growth along with
migration from rural to urban areas is a very common phenomenon in developing countries. Due to
rapid unplanned urbanization residents of urban areas face many unexpected crises, among them
water shortage for daily uses is the most noticeable (Lee and Schwab, 2005). Regrettably, gradual
decreases of natural ground water sources and discharge of large quantities of polluted water to
open water bodies like lakes and rivers have complicated the procurement of safe water sources for

the potable use (United Nations Environment Programme, 2002).

On the other hand, political, social, and economical complications are very common manifestations
in daily lives for the people of developing countries, which directly or indirectly affect the urban
water supply system development and deteriorate the quality of water reaching the consumers
(WHO and UNICEF, 2000). Furthermore, water produced by central water treatment plants
(CWTPs) is often adulterated prior to consumption by untreated water either inefficiently or
unintentionally. The latter is caused by an improper treatment or cross contamination in the
distribution system after treatment (Ford, 1999). Countless literatures have pointed out that

developing countries experience a serious deterioration of infrastructure such as vast distribution
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system failure compared with advanced countries (Craun and Calderon, 2001; Gadgil, 1998;
Kyessi, 2005; Zerah, 2000). Depending on various contaminated sources the point-of-use water
quality parameters are often found to be over the standard limits proposed by World Health
Organization (WHO) all the year round as are shown in Table 1.1 (Agrad et al., 2000; Alberini et
al., 1996; Dany et al., 2000; Kelkar et al., 2001; Mermin et al., 1999; Shar et al., 2007).

Table 1.1 List of some water quality parameters in contaminated water at the point-of-use (POU).

Sl Name of common Most probable causes Contamination Target water quality
No. contaminants of contamination level at POU by WHO
. Distribution  pipe leakage and cross
01. Suspended solids (SS) connection with the sewerage channel 50 (mg/L) 0.0 (mg/L)
- Distribution  pipe leakage and cross anli el
02.  Turbidity connection with the sewerage channel 50 (mg/L-kaolin) < 1.0 (mg/L-kaolin)
03. Color Dlstrlbu_tlon _pipe leakage and cross 50 (Pt-Co) <1.0 (Pt-Co)
connection with the sewerage channel
Ground water and aged iron made
2+
04. Iron (Fe2*) distribution pipe 10 (mg/L) < 0.5 (mg/L)
05. Manganese (Mn2+) Ground water 5 (mg/L) <0.5 (mg/L)
S i Surface water, contaminated ground water,
06. Nitrite nitrogen (NO,-N) and cross connection with the sewerage line 10 (mg/L) <10 (mg/L)
. . i Surface water, contaminated ground water,
or. Nitrate nitrogen (NO;-N) and cross connection with the sewerage line 20 (mg/L) <10.0 (mg/L)
. . . Surface water, contaminated ground water,
08 Ammonium nitrogen (NH,"-N) and cross connection with the sewerage line 5 (mg/L) <05 (mg/L)
. . Surface water, contaminated ground water,
09. Biochemical oxygen demand (BOD) and cross connection with the sewerage line 50 (mg/L) <10 (mg/L)
. Surface water, contaminated ground water,
10. Chemical oxygen demand (COD) and cross connection with the sewerage line 75 (mg/L) <10 (mg/L)
11, Total coliform (TC) Surface water, contaminated ground Water, | 1 (cE(/mL) 0.0 (CFUML)
and cross connection with the sewerage line
12 General bacteria (GB) Surface water, contaminated ground Water, | 1 (cE(/mL) 0.0 (CFUML)

and cross connection with the sewerage line

POU=Point of Use; WHO=World Health Organization.

Undoubtedly, water strongly acts as a passive carrier for pathogenic infections and causes protozoal,
parasitic, bacterial, viral, and algal infectious diseases like various forms of diarrheal illnesses that
are the most prominent examples. According to the WHO (2015) around 2 million people die every
year due to unsafe water supply, sanitation, and hygiene. However, since there is no alternative,
people are bound to use unclean and harmful water for drinking, cooking, bathing, and washing for
survival. It has also been observed that in such critical circumstances some dwellers normally boil
water at least for drinking purpose (Uddin and Baten, 2011). It is supposed that boiling water could
be an instant solution to unclean water for drinking purpose. But, there may exist many heat resistant
virus, bacteria, protozoa, and so on, which could directly affect human health (Spinks, 2006).
Furthermore, water boiling method may not remove or decrease organic and inorganic pollutants at
all (Gupta et al., 2012).
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Facing such life-threatening problems and presence of various contaminants in water, some water
purification systems are used in developing countries to counter these problems, which include
advanced technologies like microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO) (Mocanu, 2000; Tam et al., 2007). Among these technologies the RO
membrane process plays a vital role in response to higher impurities rejection rates, essentially
producing high quality clean water in compared to other membrane-based technologies at a lower
cost (Bruggen et al., 2003; Pandey et al., 2012). Figure 1.1 shows the comparison of various
membrane-based process with respect to particle rejection adopted from Saxena et al. (2009).

0.001 0.01 0.1 1 10 100 1,000

Particle size (um) i | | | | |

EEI R EIEEER N | lonic | Molecular | Macromolecular | Cellular and micro-particulate

Metal ions Viruses Bacteria Sand

Aqueous salts Humic acids Algae

Particles in water Sugar Colloidal silica Clays Silt

Asbestos fibers

Proteins Cysts

Nanofiltration (NF) Microfiltration (MF)

Separation process

Reverse Osmosis (RO) Ultrafiltration (UF) Conventional filtration

Figure 1.1 Comparison of various membrane-based process on particle rejection.

Although these methods may work well for a short time, the systems will deteriorate with extended
operation and finally become unusable due to improper maintenance, management, and
arrangement if professionals are not related to the operation. Among these water treatment
technologies, the application of RO membrane is considered the most effective, since it can provide
an absolute barrier for all types of pathogens along with turbid materials, and thus can increase the
potability of water. Moreover, due to globalization RO membranes are available everywhere in the
world even in developing countries. At the same time, the costs of RO membranes have decreased
rapidly during the last decades. Therefore, RO membrane systems have become a feasible option
for the decentralized concept due to its low-cost, ease of operation, sustainability, and low

maintenance with independence of utilities in the developing countries (Varbanets et al., 2009). In
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fact, the performance and efficiency of a RO system is directly affected by the quality of feed water.
The impurities in feed water have various negative effects on membrane performance through
fouling, scaling, or membrane degradation. The fouling results in a decline in the performance of
RO membrane not due to the change of membrane structure, but due to substances accumulating
on the membrane surface. The most common types of foulants are listed in Table 1.2 (Jarusutthirak
and Amy, 2006; Liikanen et al., 2002; Sablani et al., 2005).

Table 1.2 List of some common foulants in RO membrane operation.

SI. No. Foulants Examples Fouling mechanism

01. Insoluble solid particles Sand, silt, and clay particles Settling and accumulation on - the

membrane surface
. Iron (Fe), manganese (Mn), copper Settling and accumulation on the

02. Metal oxides (Cu), nickel (Ni), and zinc (Zn) membrane surface

03. Micro-biological organisms Bacteria, virus, slime, and algae Settling, growth, and accumulation on
the membrane surface

04. Soluble organic matter Humic acid and fulvic acid Adsorption (Hydrophobic interaction)

05. Cationic charged elements Coagulant, detergent, and biocides Adsorption (Electrostatic interaction)

Figure 1.2 shows various types of fouling with fouling mechanism in a cross flow membrane
operation adopted from Herzberg and Elimelech (2007), Lee et al. (2006), and Zhu and Elimelech
(1997).

Organic Fouling Inorganic Fouling Bio Fouling

| (ORINC] | Boundary layer

Srn IR - -
Deposition of || Flow-induced ; : R

big and soft || trapping  of || Adsorption and .
particles on || small particles || precipitation of v r l l l
surfaces. in pores. solutes in pores. v v v
| Fouling mechanism | - -
| Filtrate | | Cross flow membrane operation |

Figure 1.2 (a) Organic fouling, (b) Inorganic fouling, (c) Bio fouling, (d) Fouling mechanism, and

(e) Cross flow membrane filtration.
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Foulants adsorb on the membrane surface and clog membrane pores, which result in a decrease in
the permeate flux through the membrane. As a result, pre-treatment is very essential for efficient
and continuous operation of a RO membrane system in an economic way. Various types of
conventional pre-treatment technologies like clarification and coagulation-flocculation as well as
unconventional pre-treatment technologies like MF, UF, NF, and membrane bioreactors (MBRS)
are used coupling with RO operation. Overall, it has been found that conventional pre-treatment
technologies have lower total cost, labor cost, and unit cost in comparison with unconventional
technologies. In addition, due to their comparatively smaller pore size, unconventional technologies
like MF, UF, and NF also have fouling problems like RO membranes (Adham et al., 1996; Pearce,
2008). To overcome these problems and considering the long operational life-span without addition
of costly chemicals, two pre-treatment methods, namely, active surface-charge control depth
filtration and electrolysis were investigated in this research through laboratory scale experiments to
protect the RO membrane from various fouling materials stated in Table 1.2. Since conventional
pre-treatment techniques such as gravitational sedimentation and coagulation-flocculation are not
effective enough to remove suspended solids (SS) and micro particles completely, they will result
in RO membrane fouling (Chakravorty and Layson, 1997). Hence, to protect the RO membrane
from particle, organic, and inorganic fouling the conventional depth filtration method has to be
upgraded to a satisfactory level. The depth filtration has several advantages with respect to other
technologies. For instance, porous filtration media in depth filtration retains particles throughout
the filter bed, rather than just on the surface of the filter. Moreover, due to having tortuous channels
among media the particles are retained not only on the media, but also in the media (Tien and
Payatakes, 1979). Figure 1.3 shows the particle separation mechanism through the depth filtration
adopted from Tobiason and O’Melia (1988).

(@) (b) | International impaction

Depth Filtration
Feed stream

Filtrate stream

Retention particle Permeate particle Porous ceramics Diffusion

Direct interception

Figure 1.3 (a) Depth filtration through porous media and (b) Particle collection mechanism in a
depth filtration.
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However, even if a high performance depth filtration system is established, the system cannot
efficiently remove microbial organisms like virus, bacteria, slime, and algae, which cause microbial
fouling in the RO membrane. Moreover, some chemicals whose molecular weight are less than
water molecule like ammonia cannot reject the RO membrane completely (Yoon and Lueptow,
2005). As a result, to protect the RO membrane from microbial fouling and to compensate for the
low ammonia removal by the RO system, the break-point chlorination combined with an
electrolysis technique is proposed as a pre-treatment technique. Electrolysis has significant
advantages over other technologies, because it is simple and convenient in operation, and does not
require chemical substances (Chopra et al., 2011). Figure 1.4 shows the basic principal and
configuration of electrolysis in water and wastewater treatment adopted from Mollah et al. (2004).
Table 1.3 shows some examples of electrochemical reduction of nitrogenous compounds with
treatment efficiency at various cathode materials.

DC \oltage Source

29999999999 8999
Tpw 0 Tl

Pollutant rises to the surface /

Mn* H, (Gas)

«—OH =7

(Hydrated cations)

Precipitate
Anode (Oxidation) | Cathode (Reduction)

A A X323 43I 28

Figure 1.4 Basic principle and configuration of electrolysis in water and wastewater treatment.

Table 1.3 Some research works on electrochemical process for nitrogenous compound removal.

Name of cathode Name of Current density Contact time ~ Treatment References
electrodes pollutants (mA/cm?) (minutes)  efficiency (%)

Nickel (Ni) Nitrite (NO) 3.75 10 95 Salem et al., 2011.
Aluminum (Alyand o0 (NOS) 6-14 10-90 7891 Pak, 2015.
Iron (Fe)
Coper (Cu)/Zinc (Zn) Nitrite (NO;") and Ammonia (NH3) 30 120 100 Wang et al., 2012.
Stainless Steel (SS)  Ammonium (NH,") 15-90 360 100 Cabeza et al., 2007.
Aluminum (Al) and  Nitrite (NOy), Nitrate (NOj3’), and ) !
Iron (Fe) Ammonia (NHs) 40-80 5 65-95 Ugurlu, 2004.
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1.2 Overall Objectives in This Research

The overall objectives of this research were to develop an integrated water purification system at
low-cost with easy operation and maintenance using RO membrane as a core technology. Since RO
membrane is a very sophisticated technology and fouling phenomena by particle, organic and
inorganic chemicals, microorganisms, and so on are the main problems in RO operation. As a result,
to protect the RO membrane from them pre-treatment methods, namely, active surface-charge depth

filtration and electrolysis are proposed for extending the operational life-time of the RO membrane.

Various types of conventional and unconventional pre-treatment technologies are used to protect
the RO membrane from fouling, conventional pre-treatment technologies like coagulation-
flocculation requires higher chemical doses, larger manpower, and high operational cost. But,
unconventional pre-treatment technologies like MF, UF, and NF are also costly and suffer from
fouling problems that need very frequent replacement, which increases the overall operational cost
(Jamaly et al., 2014; Yamamura et al., 2007). As a result, an active surface-charge control depth
filtration system will be introduce, which will be effective in SS, organic, inorganic, and micro-
particles removal and the back-washing technique will help to refresh the filter media for the next
operation economically. Almost all natural particles and colloids found in water are negatively
charged. In such a case, controlling the surface charge of the filter media to positive will help to
remove submicron particles and colloids smaller than the filter media pore size through an electro-

kinetic adsorption mechanism.

In general, disinfectants like bleaching powder are used in water purification system for killing
microorganisms, viruses, and bacteria or for the removal of ammonia through break-point
chlorination mechanism. But, the biggest problem of adding bleaching powder is in maintaining the
proper chlorination ratio and this always needs manpower to maintain and manage the operation
with continuous supply of chemicals (Burch and Thomas, 1998). Moreover, excessive amount of
chlorine (Cl,) causes negative effect on RO membranes. To overcome these problems, an automatic
electrolysis method will be introduce as a practical option, which will produce an exact amount of
Clz> under the appropriate chloride ion (CI") concentration and will remove the nitrogenous
compounds like ammonia and microorganisms such as total coliform and general bacteria through

break-point chlorination mechanism.
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Applicability of Reverse Osmosis (RO) Membrane to Potable Water Production

2.1 Introduction

Although, water is a finite natural resource, it is possible to reuse wastewater through proper
treatments. As a consequence of sustainable development, perceptions of water purification, reuse,
and recycling have become indispensable for future generations (Service, 2006). Purification of
contaminated water is a difficult and challenging task, because it contains a lot of unknown and
complex substances. Despite of many difficulties and limitations, conventional treatment processes
like activated sludge processes combined with other methods have been widely used everywhere
for water treatment from the end of 19" century. Generally, these technologies show good
purification efficiency in normal polluted water, but in critical situations these processes are
inefficient in removing parts of hydrophobic and hydrophilic organic composites such as

disinfection by-products and pharmaceutical compounds (Isaias, 2001).

In such adversely contaminated water, the application of membranes like microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) can be a viable alternative
solution to evaporation-based technologies in the water treatment market (Amjad et al., 1998). MF
and UF are characterized by their ability to remove suspended solids (SS) or colloidal particles via
a sieving mechanism based on smaller pores of the membrane than the diameter of particulate matter.
MF membranes are generally considered to have a pore size over 0.1 um and for UF membranes
the pore sizes are generally within the range from 0.01-0.05 um (Perry et al., 1997). NF and RO are
classified to one of membrane processes, which are often used for the removal of dissolved
contaminants. The typical range of molecular weight cutoff (MWCO) level is between 200-1,000
daltons for NF membranes and less than 100 daltons for RO membranes (Baker, 2004).

RO membranes were commercially introduced when Gulf General Atomics and Aerojet General
employed the cellulose acetate membrane in a spiral wound module for water purification (Loeb
and Sourirajan, 1963). Cellulose acetate membranes were the common choice for RO until the
advent of thin-film composite membranes in 1972. The thin-film composite membranes have
excellent hydrolytic resistances with a greater membrane stability and membrane life, superior salts
and organics rejection rates, and compaction-resistant sub-layers than those of cellulose acetate
membranes. In addition, most of thin-film composite membranes are made with a porous and highly
permeable support such as polysulfone, which is coated with a cross-linked aromatic polyamide
thin film. This coating confers the salt rejection properties of the membrane. Figure 2.1 shows the
representative chemical structure of commercial polyamide membranes used as the separation layer

in thin-film composite membranes (Lloyd, 1985).
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Figure 2.1 Chemical structure of commercial polyamide membranes used as the separation layer in

thin-film composite membranes.

Over the years, purified water standards have become stringent and at the same time applications
of RO membrane for water purification have risen significantly. Over the last half century, an
emerging implementation of RO membranes in the area of water and wastewater treatment has
grown very rapidly in comparison with other membranes (Gleick et al., 2006). The RO membranes
are being employed extensively in the treatment of radioactive wastewater, municipal wastewater,
contaminated groundwater, and wastewater from electroplating, metal finishing, pulp and paper,
mining, petrochemical, textile, and food processing industries (Kamar et al., 2014). In addition, RO
systems are being used in combination with other treatment processes such as an oxidation,
adsorption, stripping, or biological treatment to produce a high quality product water that can be

reused or discharged (Richardson et al., 2007).

Overall, the field application of RO membranes have advanced immensely in the water treatment
areas due to low energy consumption, environmental friendliness, versatility, and easy operation
and maintenance. At present, RO technologies are becoming more popular in the home market,
because citizens are progressively more concerned about hazardous contaminants as well as non-
hazardous chemicals that directly affect the physical and chemical parameters of potable water such
as taste, odor, and color (Greenlee et al., 2009). Recently, ground water quality in many developing
countries are found to be beyond the drinking water quality standards due to susceptible pollutants
depending on agricultural byproducts, industrial, and other human activities. In such a scenario,
nitrite nitrogen (NO2-N), nitrate nitrogen (NOs™-N), iron (Fe*), and manganese (Mn?*) are noticed
in groundwater at the concentrations of nearly 10, 20, 10, and 5 mg/L, respectively (Hasan and Ali,
2010; Hossain et al., 2013; Uddin and Kurosawa, 2011). Accordingly, removing these substances
using different types of conventional and unconventional water purification systems are being tried,
but in many cases due to high contamination level in source water these technologies fail to purify
the water at drinkable quality level (Akther et al., 2009). In this case, application of RO technology

could be an alternative solution for producing high quality potable water.

However, in membrane technologies membrane fouling is one of the most significant factor that
13
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limits its application in water and wastewater treatment. In general, fouling occurs either on the
surface of the membrane or within its pores. There are mainly four types of fouling observed in RO
membranes, namely bio-fouling, scaling, organic, and colloidal fouling. Bio-fouling results from
the microbial contamination of feed water that produces a biofilm on the surface of the membrane.
Scaling arises from the precipitation and deposition of salts on the membrane surface. Organic
fouling originates from the organic substances such as humic substances, which coat over the
surface of a membrane and plug the pores in the porous support layer. Colloidal fouling is mainly
caused by particles, such as clay and silica accumulating on the surface of the membrane. As a
whole, the deposition of unwanted materials on the membrane surface results in increasing filtration

downtime and higher energy requirements for membrane operation (Le-Clech et al., 2006).

Certain fouling materials can be removed by hydraulic-means such as filter backwash or most can
be removed by chemical-means such as cleaning-in-phase (CIP), or chemical cleaning. Chemical
cleaning is thought to be an integral part of membrane process operation that has a profound impact
on the performance and economics of membrane process (Ang et al., 2011; Mi and Elimelech, 2010).
Considering the versatile application of RO membranes in the water treatment area a laboratory-
based research work was executed using commercially available spiral wound polyamide thin-film
composite type RO membrane. The specific objective of this research work was to investigate the
optimum condition for the removal of physical, chemical, and biological indices of synthetic
contaminated source water containing NO2", NO3", Fe?*, and Mn?*. In addition, the main causes of
fouling and an effective method for successive permeate flux recovery techniques were also
discussed for extending the operational life-time and lowering the energy requirements to reduce

the water purification cost.

2.2 Materials and Methods

2.2.1 Experimental Apparatus, Ingredients, and Operational Conditions

Figure 2.2 shows the laboratory scale experimental setup, which was composed of a pressure boost
pump (CDP6800, Aquatec, USA), a pressure gauge (PG-35, Copal Electronics, Japan), a spiral
wound polyamide thin-film composite type RO membrane (TW30-1812-36, Dow Filmtec, USA),
a water regulator (R91W-2AK-NLN, Norgren, UK), a flow meter (RK400, Kofloc, Japan), a mixer
(SMT-102, AS ONE, Osaka, Japan), and a 50 liters capacity plastic bucket used as a reservoir tank.
Arubber type brine seal and two O-rings were fitted in the feed and product port portion respectively,
to prevent leakages while in operation. The membrane had 25.4 cm in width and 115 cm in length,
which resulted in total surface area of 0.29 m?. Table 2.1 shows a list of chemicals used to prepare

the synthetic contaminated source water, test solution for salt rejection rate measurement, and back-
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flushing solution for a fouled membrane.
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Figure 2.2 Experimental setup with reversed permeate and concentrate flow. 1: Reservoir tank, 2:
Feed water pump, 3: Pressure gauge, 4: Concentrate flow regulator, 5: Permeate flow meter, 6:
Water inlet portion, 7: Membrane housing, 8: Water outlet portion, 9: Membrane, 10: Brine seal,

11: O-ring, and 12: Surface area of the membrane.

These chemicals for synthetic contaminated source water were spiked into the 5-times diluted
municipal wastewater in Ryukoku University at the final concentration shown in Table 2.1, though
the chemicals for the test solution for rejection rate measurement and the back-flushing solution
were spiked into deionized water (DW). Table 2.2 shows the synthetic contaminated source water
characteristic for Run 1 (Phase I, II, and III). Table 2.3 shows the synthetic contaminated source
water characteristics and operational conditions for Runs 2, 3, and 4. Table 2.4 shows the actual
wastewater characteristics for Runs 5, 6, and 7. Table 2.5 shows the synthetic contaminated source

water characteristics for Runs 8, 9, and 10.

Table 2.1 List of chemicals used in the experiment.

Name of chemicals Concentrations Functions
Sodium nitrite (NaNO,) 49.25 mg/L (NO,-32.84 mg/L)/(NO,-N=10 mg/L) Source of nitrite ion
Potassium nitrate (KNO3) 144.43 mg/L (NO4-88.53 mg/L)/(NO;-N=20 mg/L) Source of nitrate ion
Ferrous (I1) sulfate heptahydrate (FeSO,4.7H,0) 49.79 mg/L (Fe2*-10 mg/L) Source of ferrous ion
Manganese (ll) chloride tetrahydrate (MnCl,.4H,0) 18.01 mg/L (Mn2+-5 mg/L) Source of manganese ion
Sodium chloride (NaCl) 2,000 (mg/L) Used to check the salt rejection rate
Sodium lauryl sulfate (CH3(CH3)1:0SO3Na) 1,000 (mg/L) Used to backwash the fouled membrane
Sodium hydroxide (NaOH) 1,000 (mg/L) Used to backwash the fouled membrane
Citric acid monohydrate (C¢HsO7.H,0) 10 mM Used to backwash the fouled membrane
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Table 2.2 Synthetic contaminated source water characteristics of Run 1.

SS Turbidity EC Color Fe* Mn* CI' NO, NOs; NH,* BOD COD TC

Runs (mg/L) (mg/L-kaolin) (uS/cm) (Pt-Co) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (CFU/mL)
Run1 (Phasel) 100 197 480 190 9.14 513 36.47 4120 66.15 4.90 63 89 122,000
Run 1 (Phasell) 16 36 430 170 8.17 6.46 2835 3816 80.67 549 49 102 46,333
Run 1 (Phase Ill) 42 69 380 140 7.32 513 30.10 29.27 8237 3.01 75 128 29,333

EC=Electrical Conductivity; TC=Total Coliform.

Table 2.3 Synthetic contaminated source water characteristics and operational conditions of Runs

2,3, and 4.

Operating SS Permeate flux  Turbidity EC  Color Fe** Mn* CIT NO, NO; NH,” BOD COD TC

Runs days (mg/L) (LmZh?) (mg/L-kaolin) (uS/cm) (Pt-Co) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (CFU/mL)

0 32 17.17 36 470 230 561 551 3042 3849 9994 0.98 69.46 154.74 98,667

1 2 14.07 5 470 12 0.29 545 3176 42.68 108.89 148 33.66 88.42 12,000
Run 2 2 0 13.66 1 510 8 0.09 578 34.05 43.60 108.56 3.54 10.00 29.83 4,033

3 0 13.45 0 510 8 0.06 559 3401 46.87 11642 295 4.69 2539 1,700

4 0 13.24 0 510 8 0.06 574 3464 4530 11297 324 3.88 3261 331

5 0 13.24 0 580 7 0.06 5.83 37.35 48.64 121.63 3.85 347 3150 325

6 0 13.24 0 570 9 0.03 593 37.11 53.01 144.18 4.83 3.06 34.28 307

0 0 16.14 69 740 130 10* 5,00 33.38 36.47 79.95 38.84 31.82 90.68 N.A.

1 0 16.14 N. A. N.A. N.A. 20 N.A. NNA. N.A. N.A NA NA NA N. A.

2 0 16.14 N. A. N.A.  N.A. 40* N.A. NNA. N.A. N.A. N.A NA NA N. A.
Run 3 3 0 14.48 N. A. N.A.  N.A 80* N.A. N.A. N.A. N.A. N.A. N.A NA N. A.

4 0 14.48 N. A. N.A. N.A 00* N.A. NA. N.A. N.A NA NA NA N. A.

5 0 14.48 N. A. N.A.  N.A  00* N.A NA NA NA NA NA NA N. A.

6 0 14.07 9 1560 30 7.76 574 4253 0.62 99.69 36.27 16.61 39.47 N. A.

0 0 14.07 2 290 23 0.94 593 3213 36.62 91.02 15.66 32.23 74.25 N. A.

1 0 14.07 5 240 13 0.09 6.12 31.63 36,51 98.86 14.16 14.69 4325 N.A.
run 2 0 14.07 0 390 9 0.03 6.53 34.38 37.10 116.77 22.39 14.28 29.15 N. A.

3 0 14.07 0 640 7 0.02 6.69 3282 3539 111.83 2293 3.67 23.15 N. A.

EC=Electrical Conductivity; N. A. : Not Analyzed; *The spiked Fe concentration.
Table 2.4 Actual wastewater characteristics of Runs 5, 6, and 7.
RUNS SS Turbidit¥ EC Color Fe** Mn?* CI NO, NOsz NH; BOD COD TC
(mg/L) (mg/L-kaolin) (uS/cm) (Pt-Co) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (CFU/mL)

Run5 300 238 410 260 0.0 0.0 7510 0.0 0.0 4192 610 1,372 1,386,667
Run6 136 298 960 220 0.0 0.0 11868 0.0 0.0 3486 168 742 121,333
Run7 46 256 890 270 0.0 0.0 134.08 0.0 0.0 16.77 181 782 N. A.

EC=Electrical Conductivity; N. A. : Not Analyzed.
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Table 2.5 Synthetic contaminated source water characteristics of Runs 8, 9, and 10.

Runs Operating time (Hours) SS (mg/L) EC (uS/cm) Color (Pt-Co) Fe** (mg/L)

0 0.0 570 220 144.15
Run 8

16 0.0 590 14 23.91

0 0.0 670 650 125.31
Run 9

16 0.0 650 16 26.89

0 0.0 610 400 128.95
Run 10

21 0.0 620 16 19.22

EC=Electrical Conductivity.

2.2.2 Experimental Procedure

The Run 1 was conducted to observe the relation between permeate flux and transmembrane
pressure (TMP) along with permeate water quality in three phases at the SS concentration of 100
mg/L for phase I, 16 mg/L for phase II, and 42 mg/L for phase III, respectively. Runs 2, 3, and 4
were conducted to observe the effect of SS, Fe colloids, and dissolved matter on membrane fouling,
respectively. Runs 5, 6, and 7 were conducted to observe the effect of back-flushing on permeate
flux recovery of a fouled membrane mainly fouled by organic aggregates. Runs 8, 9, and 10 were
conducted to observe the effect of back-flushing on permeate flux recovery of a fouled membrane

mainly fouled by Fe colloids.

Before each experimental run, a new RO membrane was inserted into the membrane housing. Then
the permeate port and concentrate port was connected properly following the Figure 2.2. After that,
a new membrane was washed using DW for 30 minutes and then used for the experiments. In the
case of Runs 1, 5, 6, and 7 permeate water was discharged, but concentrate water was returned into
the reservoir tank. However, in the case of Runs 2, 3, 4, 8, 9, and 10 both permeate water and
concentrate water were returned into the reservoir tank as shown in Figure 2.2. While running the

experiments a mixer was continuously operated at 250 rpm to mix the feed water homogeneously.

After experimental run was finished, permeate flux recovery experiments were conducted in Runs
5-10 using the same configuration of Figure 2.2, but opposing the flow direction. In this study, DW,
sodium lauryl sulfate (CH3(CH2)110SO3Na), sodium hydroxide (NaOH), or citric acid monohydrate
(CsHg0O7.H>0) solutions was used as feed water, which was flowed from the concentrate port, but
blocking the permeate port for the back-flushing of a fouled membrane at the flow rate of 1175450
mL/min, and at the TMP of 17.50+2.89 kPa. Here, DW was considered as hydraulic-means to

remove the physical clogging materials that deposited on the surface of the membrane. Surfactants
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like CH3(CH2)110SO3Na was considered for its emulsifying and dispersion characteristics. Since
surfactants are compounds that have both hydrophilic and hydrophobic structures, they can form
micelles with fat, oil, and proteins in water. A caustic chemical of NaOH was considered for its
hydrolyzation and solubilization characteristics that was expected to remove organic matter along
with microorganisms. C¢HgO7.H>O was considered for its solubilization characteristics, which was
expected to remove inorganic foulants like Fe oxides. All the runs were performed under air-
conditioned room temperature at 25°C. For sampling and analysis effluent was collected from the

permeate port using laboratory grade plastic bottles.

2.2.3 Analytical Methods

The pH, dissolved oxygen (DO), and electrical conductivity (EC) were measured with a pH meter
(B-212, Horiba, Japan), a DO meter (LDO, HQ10, Hach, USA), and an EC meter (Twin cond, B-
173, Horiba, Japan), respectively. Turbidity and color were measured with a digital turbidity/color
meter (Aqua Doctor, WA-PT-4DG, Kyoritsu Chemical-Check Lab, Japan). The concentrations of
chloride (CI), NO2', and NO3™ were determined by ion chromatography (P1A-1000, Shimadzu,
Japan), and NH4* was determined by phenate method (4500-NH;3 F) (Rice et al., 2012). The Fe?*
was measured by phenanthroline method (3500-Fe B) (Rice et al., 2012) and Mn?" was measured
by inductively coupled plasma spectrometry (ICP, Optima 5300DV, PerkinElmer, USA). Total
coliform (TC) was measured by test papers for TC (Sibata, Saitama, Japan) using the colony count,
most-probable-number (MPN) method with thermostat incubator (CALBOX, CB-101, Sibata,
Saitama, Japan). Biochemical oxygen demand (BOD) was measured by 5-day BOD test (5210 B)
(Rice etal., 2012) and chemical oxygen demand (COD) was measured by closed reflux colorimetric
method (5220 D) (Rice et al., 2012). DW of EC less than 1 pS/cm was used for the dilution and
preparation of standard solution, as obtained from a water purification system (Autostill, WA5000,

Yamato, Japan).

2.3 Results and Discussion

2.3.1 Effect of Permeate Flux on Transmembrane Pressure (TMP) and Water Quality
Assessment of Reverse Osmosis (RO) Membrane

In this experimental study, the RO system was operated one after another in three phases using a
new membrane in each time. In the 1% phase, it was operated for four hours at an initial permeate
flux of 6.21 L m? h'!, transmembrane pressure (TMP) of 354 kPa (Figure 2.3 (a)), and SS

concentration of influent was 100 mg/L (Table 2.2). Here, flux was calculated using the equation 1:

Flux (L m2 h?) = % (1)
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Where, Q is the filtration flow rate (L/h), and A is the effective surface area of the membrane (m?).
In the 2" phase, it was operated for an hour at an initial permeate flux of 9.31 L m? h!, TMP of
407 kPa (Figure 2.3 (b)), and SS concentration of influent was 16 mg/L (Table 2.2). In the 3™ phase,
it was also operated for an hour at an initial permeate flux of 12.41 L m™ h'!, TMP of 480 kPa
(Figure 2.3 (c)), and SS concentration of influent was 42 mg/L (Table 2.2). The permeate water
volume in 1%, 2™, and 3" phase was 7.20, 2.70, and 3.60 liters, respectively. The synthetic water in
all of three phases had the dissimilar SS concentrations, but the changes in TMP and permeate flux
over time were not remarkable. A slight TMP increasing phenomenon was observed in 1% phase
from 354 to 363 kPa (Figure 2.3 (a)). A permeate flux decrease and TMP increase phenomenon is
usually observed during the membrane process (Le-Clech et al., 2006). But, in this experiment both
TMP and permeate flux was found to be almost constant at initial and ending stage in 2" and 3™

phase, respectively. This might be due to relatively short operational time of the experiments.
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Figure 2.3 Experimental results of RO treatments under different TMP (Run 1). (a), (b), and (c)
permeate flux and TMP changes over time, (d) Relationship between permeate flux and TMP, and
(e) Removal efficiency of each index from Run 1 (a), (b), and (c). The error bars depict the unbiased

standard deviation.

Figure 2.3 (d) shows the relationship between the permeate flux and TMP. Here, the permeate flux
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was found to be linearly increased with the increasing of TMP at R? value of 0.992. Vrijenhoek et
al. (2001) reported the similar result of linear relationship between permeate flux and TMP in a RO

filtration system without fouling, which accords with my present experimental study.

The permeate water quality of RO was tested using synthetic contaminated source water shown in
Table 2.2 (Run 1). Figure 2.3 (e) shows the effluent characteristics of Run 1. In this study, SS, TC,
BOD, and COD were removed completely (100%) and the removal efficiencies of turbidity and
color were found to be 99%, but dissolved matter removal efficiency was found to be 84% which
was calculated in terms of EC. Here, cations of Fe*" and Mn?" and anions of Cl', NO>", and NO3"
were removed at the rate of 98%, 97%, 93%, 80%, and 77%, respectively. Thus, the NO>", and NOs3"
rejection rates were slightly lower than those of other ions. The similar rejection tendencies of these
indices in RO filtration system were experienced by Chianese et al. (1999), Comerton et al. (2005),
and Fakhru’l-Razi et al. (2010), respectively. However, in comparison with other runs ammonium
(NH4") removal efficiency was found to be much less than that of other indices, and it was calculated
to be 45%. In this case, the lower NH4" removal efficiency was thought to be due to less molecular
weight of NH4" than that of other solutes. As a result, it may easily passed through the RO
membrane and led to lower rejection rate. Funston et al. (2002) reported the similar experimental

results in their study.

2.3.2 Influence of Organic Aggregates, Iron Colloids, and Dissolved Matter on Membrane
Fouling

In the following experimental study, the RO system was operated using 20 liters of synthetic
contaminated source water as influent (Figure 2.2). The operational period was 7 days for Runs 2
and 3, and 4 days for Run 4. Figure 2.4 (a) shows the effect of SS on membrane fouling in Run 2.
The experiment was started at an initial permeate flux of 17.17 L m™ h™! and initial SS of synthetic
contaminated source water was 32 mg/L, which was mainly composed of organic aggregates from
municipal wastewater (Table 2.3). After 2 days operation, SS of the influent was found to be 0 mg/L
and permeate flux decreased to 13.66 L m™ h!. The permeate flux gradually decreased up to 4 days,
and then it reached a constant level at 13.24 L m? h'!. Since, both permeate and concentrate were
returned to reservoir tank in this experiment, it was confirmed that the SS was accumulated in the

membrane unit.

In the case of Run 3, SS of synthetic contaminated source water was completely removed using a
glass fiber filter with 1pm particle rejection (GF/B, Whatman, Japan). Then, NO>", NOs, Fe?', and

Mn?" ions were spiked into filtrated synthetic contaminated source water (Table 2.3). Figure 2.4 (b)
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shows the behavior of Fe colloids on membrane fouling. The experiment was started at an initial
permeate flux of 16.14 L m h'!. At the operation time of 0, 1, 2, and 3 days Fe?" was spiked into
synthetic contaminated source water at the final concentration of 10, 20, 40, and 80 mg/L,
respectively, but the permeate flux remained constant as initial (16.14 L m? h') up to 2 days
operation. When Fe** was spiked into the synthetic contaminated source water at the final
concentration of 80 mg/L at 3 days operation, the permeate flux decreased to 14.48 Lm™ h''. Then,
the run was continued in operation up to 6 days without addition of Fe?*. The permeate flux was
remained constant at 14.48 L m? h™! from 3 to 5 days operation, but it slightly dropped to 14.07 L
m2 h'! at the operation time of 6 days. Since both permeate and concentrate were returned to
reservoir tank, the drop in the Fe concentration of 7.76 mg/L at 6 days indicates the accumulation

of Fe colloids in the membrane unit as similar to the SS accumulation in Run 2.
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Figure 2.4 (a) Experimental results of RO treatments using normal synthetic contaminated source
water (Run 2), (b) Synthetic contaminated source water with NO>", NOs", Fe?*, and Mn?" addition
after SS removal (Run 3), and (c) Synthetic contaminated source water with NO>, NO3, Fe?*, and

Mn?* addition before SS removal (Run 4).

In the case of Run 4, NO>", NOs", Fe?*, and Mn?" ions were spiked into the synthetic contaminated
source water. Then, SS was completely removed using a glass fiber filter with 1 um particle rejection
(GF/B, Whatman, Japan). As a result, the initial Fe’>" concentration in synthetic contaminated source
water of Run 4 was found to be 0.94 mg/L (Table 2.3). This indicates that spiked Fe*" was rapidly
transformed into Fe colloids according to the equations (2) and (3) in synthetic contaminated source

water and most of the Fe was removed by the microfiltration.
4Fe?* + O, + 4H* — 4Fe%* + 2H,0 (2
Fe3* + 30H- — Fe(OH),| 3)

Figure 2.4 (c) shows the influence of dissolved matter on membrane fouling. Here, the experiment

was started at an initial permeate flux of 14.07 L m? h™! with feed water EC of 290-640 uS/cm
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(Table 2.3). The permeate flux remained constant at initial value (14.07 L m™? h!) during the
consecutive 4 days operational period (Figure 2.4 (c)). This results strongly supports that dissolved

matter did not take part in membrane fouling.

2.3.3 Impact of In-situ Back-flushing on Permeate Flux Recovery of Fouled Membranes

As a result of Runs 2-4, the main fouling components were SS mainly composed of organic
aggregates (Run 2) and Fe colloids (Run 3). To recover the permeate flux of fouled membranes,
permeate flux recovery experiments were demonstrated on Runs 5-10, where Runs 5-7 were fouled
by organic aggregates and Runs 8-10 were fouled by Fe colloids. The equation 4 was used to

calculate the permeate flux recovery rate of a fouled membrane:

Permeate flux after cleaning at DW
Permeate flux recovery rate (%) = — X 100 (4)
Initial permeate flux at DW

The membranes of Runs 5, 6, and 7 were fouled using actual wastewater shown in Table 2.4, and
the membranes of Runs 8, 9, and 10 were fouled using synthetic contaminated source water shown
in Table 2.5. After every step of permeate flux recovery experiment the salt rejection rate was
checked using the NaCl solution (pH 6.2) at the NaCl concentration of 2,000 mg/L (EC=4,400

puS/cm) (Table 2.1). The salt rejection rate was calculated as follows:

o Feed water EC — Permeate water EC
Salt rejection rate (%) = X 100 (5)
Feed water EC

Figure 2.5 (a) shows the permeate flux recovery phenomenon of Run 5 by back-flushing with DW
(pH 7.1). An initial permeate flux of the membrane of 19.03 L mh™! was recorded with respect to
DW. Then, it was used for the fouling experiment using actual wastewater with SS concentration
of 300 mg/L and TMP of 320 kPa (Table 2.4). After 16 hours operation the membrane was fouled
and final permeate flux was observed 2.07 L m™h™!' with respect to DW. Then, the fouled membrane
was used for the permeate flux recovery experiment. Here, in the 1 step the fouled membrane was
back-flushed with DW for 30 minutes. As a result, the permeate flux was recovered to 5.38 Lm2h
! that was equivalent to the permeate flux recovery rate of 28.3%. Next, in the 2" step it was again
back-flushed with DW for 2 hours at the same condition. The permeate flux was further improved
to 6.62 L m?h! that was equivalent to the permeate flux recovery rate of 34.8%. The subsequent
back-flushing with DW in the 3™ step for 2 hours, permeate flux further slightly improved to 7.03
L m~h! that was equivalent to the permeate flux recovery rate of 37.0%. However, additional back-
flushing with DW in the 4" step for 2 hours were not effective in permeate flux recovery rate. The

final salt rejection rate was found to be 92.7%.
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Figure 2.5 (b) shows the permeate flux recovery phenomenon of Run 6 by back-flushing with DW
followed by sodium lauryl sulfate solution (pH 6.2). An initial permeate flux of the membrane of
14.07 Lm™h'! was recorded with respect to DW. After that, it was used for the fouling experiment
using actual wastewater with SS concentration of 136 mg/L and TMP of 370 kPa (Table 2.4). After
18 hours operation the membrane was fouled and permeate flux dropped to 5.79 L m?h™'. Then,
the fouled membrane was used for the permeate flux recovery experiment. Here, in the 1 step the
fouled membrane was back-flushed with DW for 30 minutes. As a result, the permeate flux
increased to 6.62 L m2h™! that was equivalent to the permeate flux recovery rate of 47.1%. In the
2" step it was again back-flushed with DW for 30 minutes at the same condition. Then, the permeate
flux was further improved to 7.86 L m™2h! that was equivalent to the permeate flux recovery rate
of 55.9%. However, when it was back-flushed with sodium lauryl sulfate solution at the
concentration of 1,000 mg/L in the 3™ step for 5 minutes and 4" step for 20 minutes sequentially,
permeate flux decreased to 7.03 and 4.55 L m™? h!, respectively. Therefore, sodium lauryl sulfate
solution was thought to be an ineffective chemical in permeate flux recovery of fouled membrane
with organic aggregates. The interaction between the membrane and the surfactant is mainly
dominated by hydrophilic or hydrophobic interaction. Since the membrane used in this research
was hydrophilic, a hydrophilic head of the surfactant was preferable adhered to the membrane
surface, and a hydrophobic tail was oriented towards the aquatic phase. This arrangement makes
the membrane in a hydrophobic coating condition and influence on decrease in permeate flux (Louie
et al., 2006). After that, this fouled membrane was back-flushed with NaOH solution (pH 12.4) at
the concentration of 1,000 mg/L for 30 minutes and permeate flux recovered to 8.28 L m™>h™! and
salt rejection rate was found to be 97.6%. Then, this recovered membrane was applied for the second

time in the Run 7.

Figure 2.5 (c) shows the permeate flux recovery phenomenon of Run 7 by back-flushing with DW
and NaOH solution. An initial permeate flux of this membrane was considered to be the same as
Run 6, namely 14.07 L m2h! with respect to DW. After that, it was used for the fouling experiment
using actual wastewater with SS concentration of 46 mg/L and TMP of 390 kPa (Table 2.4). After
16 hours operation the membrane was fouled and permeate flux decreased to 5.17 L m2h! with
respect to DW. Then, the fouled membrane was used for the permeate flux recovery experiment.
Here, in the 1% step the fouled membrane was back-flushed with DW for 30 minutes. As a result,
the permeate flux was observed to 6.21 L mh! that was equivalent to the permeate flux recovery
rate of 44.1%. In the 2" step it was back-flushed with NaOH solution at the concentration of 1,000
mg/L for 2 hours and permeate flux resulted in 10.34 L m h! that was equivalent to the permeate

flux recovery rate of 73.5%. The subsequent back-flushing with NaOH solution in the 3™ step for
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2 hours further improved the permeate flux to 11.17 L m h™! that was equivalent to the permeate

flux recovery rate of 79.4%.
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Figure 2.5 Permeate flux changes by each permeate flux recovery operation. (a) Back-flushing by
DW (Run 5), (b) Back-flushing by DW followed by sodium lauryl sulfate (Run 6), (¢) Back-flushing
by DW followed by NaOH (Run 7), (d) Back-flushing by DW just after fouling (Run 8), (e) Back-
flushing after 7 days by NaOH (Run 9), and (f) Back-flushing after 7 days by citric acid
monohydrate (Run 10). The RO membranes for Runs 5-7 were mainly fouled by organic aggregates
in actual wastewater, but that for Runs 8-10 were mainly fouled by Fe colloids in synthetic

contaminated source water.
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However, additional back-flushing with NaOH solution at the 4" steps for 2 hours were not effective

in permeate flux recovery of the membrane and the final salt rejection rate was found to be 98.0%.

Figure 2.5 (d) shows the permeate flux recovery phenomenon of Run 8 by back-flushing with DW
just after fouling. An initial permeate flux of the membrane of 17.38 L m?h™! was recorded with
respect to DW. Then, it was used for the fouling experiment using synthetic contaminated source
water with the Fe?" concentration of 144 mg/L and TMP of 326 kPa (Table 2.5). After 16 hours
operation the membrane was fouled and the permeate flux of 15.52 L m™2h™! with respect to DW
was observed. Then, the fouled membrane was used for the permeate flux recovery experiment. In
the 1% step it was back-flushed with DW for 30 minutes and the permeate flux was measured to be
16.14 Lm™h'! that was equivalent to the permeate flux recovery rate of 92.8%. Next, in the 2" step
it was again back-flushed with DW for 30 minutes and permeate flux recovered to 17.38 L m2h'!
that was equivalent to the permeate flux recovery rate of 100% and last of all, salt rejection rate was

found to be 93.0%.

Figure 2.5 (e) shows the permeate flux recovery phenomenon of Run 9 by back-flushing with a
NaOH solution at the concentration of 1,000 mg/L (pH 12.4). An initial permeate flux of the
membrane of 22.76 L m™ h™! was recorded with respect to DW. Then, it was used for the fouling
experiment using the synthetic contaminated source water with the Fe?* concentration of 125 mg/L
and TMP of 400 kPa (Table 2.5). After 16 hours operation the filtration was stopped and the
membrane was kept on the experimental setup for 7 days to mature the fouling by Fe colloids. After
maturation the permeate flux of 16.55 L mh™! with respect to DW was observed. Then, the fouled
membrane was used for the permeate flux recovery experiment. In the 1% step it was back-flushed
with the NaOH solution for 30 minutes and the permeate flux was measured to be 20.28 L m?2h’!
that was equivalent to the permeate flux recovery rate of 89.1%. Next, in the 2" step an additional
back-flushing with NaOH for 30 minutes was not effective in permeate flux recovery. The final salt

rejection rate was found to be 87.6%.

Figure 2.5 (f) shows the permeate flux recovery phenomenon of Run 10 by back-flushing with 10
mM citric acid monohydrate (pH 1.5). An initial permeate flux of the membrane of 18.62 L m2h’!
was recorded with respect to DW. Then, it was used for fouling experiment using synthetic
contaminated source water with the Fe** concentration of 129 mg/L and TMP of 372 kPa (Table
2.5). After 21 hours operation the filtration was stopped and the membrane was kept on the
experimental setup like Run 9 for 7 days to mature the fouling by Fe colloids. After the maturation

the permeate flux of 14.90 L m2h™! was observed with respect to DW. Then, the fouled membrane
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was used for the permeate flux recovery experiment. The membrane was back-flushed 2 times with
10 mM citric acid monohydrate solution for each 30 minutes, but it was not effective in permeate
flux recovery. Therefore, the citric acid monohydrate solution was thought to be an ineffective
chemical in permeate flux recovery of fouled membrane with matured Fe colloids. The final salt

rejection rate was found to be 70.0%.

In this study, the salt rejection rates in Runs 9 and 10 were found to be less than that of other runs.
Here, it is noticeable that RO membranes of Runs 9 and 10 were found to be still fouled by Fe
colloids after back-flushing with NaOH and citric acid monohydrate solution. In this case, several
factors may influence in salt rejection rate such as the presence of Fe colloids in the membrane,
applied pressure, cross flow rate, and ionic concentration in the solution (Kim and Hoek, 2005; Lee
etal., 2010). Here, after back-flushing the remaining amount of Fe colloids at the membrane surface
of Runs 9 and 10 hindered the back diffusion of solute from the membrane surface to the bulk
solution that resulted in lower salt rejection rate. Similar result was experienced by Ng and

Elimelech (2004), which supports the above discussion.

Figure 2.6 shows the relationship between the SS concentration of influent and the fouled flux. Here,
operational time for fouling the membranes of Runs 5, 6, and 7 were 16, 18, and 16 hours,
respectively. Besides, the SS concentrations in influent of Runs 5, 6, and 7 were 300, 136, and 46
mg/L, respectively. From the Figure 2.6 it is found that the fouled flux was linearly increased with

the increasing of SS concentration at the R? value of 0.996.
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Figure 2.6 Relationship between the SS concentration in influent and fouling characteristics of a
membrane, where the initial permeate flux of the Runs 5, 6, and 7 were 19.03, 14.07, and 14.07 L

m~2h!, respectively.

Figure 2.7 summarizes the permeate flux recovery rates of fouled membranes using different back-

flushing ingredients. In a series of permeate flux recovery experiments the effectiveness of DW,
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sodium lauryl sulfate, NaOH, and citric acid monohydrate solutions on permeate flux recovery rates
on fouled membranes were examined, in which Runs 5, 6, and 7 were mainly fouled by organic

aggregates and Runs 8, 9, and 10 were fouled by Fe colloids.
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Figure 2.7 Permeate flux recovery rates of organic aggregates and Fe colloids fouled membranes
by back-flushing with different back-flushing solutions, where the initial permeate flux of the Runs

5,7,8,and 9 were 19.03, 14.07, 17.38, and 22.76 L m2 h™!, respectively.

In this study, it was revealed that the single use of DW reached the permeate flux recovery rate of
37.0% for the membrane mainly fouled by organic aggregates (Figure 2.7, Run 5). But, the sodium
lauryl sulfate solution showed an anti-behavior on permeate flux recovery of fouled membrane with
organic aggregates (Figure 2.5 (b), Run 6). The DW followed by NaOH solution showed a better
performance in permeate flux recovery of fouled membrane with organic aggregates, and the
permeate flux recovery rate was calculated to be 79.4% (Figure 2.7, Run 7). The back-flushing with
DW completely recovered the permeate flux of Fe colloidal fouled membrane, when back-flushing
was applied just after fouling (Figure 2.7, Run 8). But, when back-flushing was applied after
maturation of Fe colloids in the membrane unit with citric acid monohydrate it did not function at
all (Figure 2.5 (f), Run 10). On the contrary, NaOH solution was found to be effective in permeate
flux recovery of a matured Fe colloidal fouled membrane with the recovery rate of 89.1% (Figure

2.7, Run 9).

Although the causes of RO membrane fouling are complicated, several natures of particle surface
such as, hydrophobic, hydrophilic, and surface charges are influenced the membrane fouling. In
general, majority of RO membranes are fouled by natural organic matter, biopolymers, and colloids.
In view of that, natural organic matter and colloids are thought to be key factors for RO membrane
fouling that reported by Madaeni et al. (2010) and Malcolm (1985). The present study also supports
this supposition, where organic aggregates and Fe colloids predominantly took part in the RO

membrane fouling.
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In the permeate flux recovery experiments, it was observed that DW was capable to washout the
organic foulants that deposited on the surface of membrane like a soft cake layer. Afterward, NaOH
showed good removal performances on the removal of foulants that remained after back-flushing
by DW. NaOH can generate water-soluble soap micelles in the membrane unit by the saponification
process and organic matters are hydrolyzed and increase the negative charges to a great extent of
the organic molecules. Further, the hydrolyzed portions of organic matters weaken the adsorptive
forces through the effect of repulsion force between negative charged functional groups and the
membrane. This configuration creates a loose fouling layer that facilitates the mass transfer process
and enhances the permeate flux recovery of a fouled membrane with organic aggregates. (Hong and
Elimelech, 1997; Miller and Raney, 1993; Stumm and Morgan, 1996). The Fe colloids fouled
membrane’s permeate flux was possible to recovered completely by back-flushing with DW, just
after fouling. Such a phenomenon suggested that Fe colloids just created physical clogging on the
surface of membrane unit that easily washed away only by back-flushing with DW without any
chemical addition. But, Fe colloids fouled membranes permeate flux after 7-days maturation was
not possible to recover entirely by back-flushing even though chemicals of NaOH or citric acid
monohydrate solution were used. Fe colloids are expected to transform into Fe oxides during the
maturation. When membrane is fouled by Fe oxides, citric acid monohydrate is expected to be
effective in permeate flux recovery, because Fe oxides are reduced by citric acid monohydrate

solution (Kishimoto et al., 2011).

However, when divalent cations are coexistent with natural organic matter, it creates a denser
adhesive fouling layer on the surface of a membrane. In such a case, citric acid monohydrate
solution may not function at all. Alternatively, alkaline NaOH solution could be an effective
chemical for the removal of Fe colloidal inorganic particles of a fouled membrane (Lee et al., 2010).
This argument supports the present experimental results, where a NaOH solution at the
concentration of 1,000 mg/L successively recovered the permeate flux of the matured Fe colloidal
fouled membrane up to 89.1%. In this study, the main foulants in RO membrane operation were
found to be organic aggregates and iron colloids. In the fouling by such foulants, I recommended
sodium hydroxide solution at the concentration of 1,000 mg/L as an effective back-flushing
chemical for the permeate flux recovery of both organic aggregates and iron colloids fouled

membrane, back-flushing through the concentrate port at the flow rate of 1,100 mL/min.

2.4 Conclusion
Nowadays, RO membranes are considered to be one of the familiar technologies in water and

wastewater treatment sector due to its low energy consumption and high quality water production
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at a low cost. Therefore, I examined the applicability of a commercially available polyamide RO
element to the treatment of synthetic contaminated source water containing with nitrite, nitrate, iron,
manganese, and municipal sewage-derived contaminants, and sought an effective permeate flux

recovery method for the fouled membrane.

The RO membrane was able to reject SS, BOD, COD and total coliform completely. Besides, the
ions rejection rates were 98% for iron, 97% for manganese, 94% for chloride, 80% for nitrite, and
77% for nitrate, respectively. The ammonium rejection rate was found to be poor and it was only
45% probably due to its low molecular weight. As a result, a pre- or post-treatment process would

be required to satisfy the drinking water quality standards, especially for ammonium.

Membrane fouling is one of the major drawbacks in the RO technology. In this study, organic
aggregates and inorganic particles like iron colloids were found to be major membrane foulants, but
dissolved matter in influent did not take part in membrane fouling. The back-flushing operation
through the concentrate port could improve the permeate flux of a RO membranes fouled by organic
aggregates to the permeate flux recovery rate of 37.0% using pure water, and 79.4% using pure
water followed by the NaOH solution with the concentration of 1,000 mg-NaOH/L. The
hydrolyzation and solubilization of organic matter by NaOH was inferred to be responsible for the
permeate flux recovery of organic aggregates fouled membrane. On the contrary, the permeate flux
of RO membrane fouled by iron colloids was completely recovered by back-flushing using pure
water, when the back-flushing was applied just after fouling. This suggested that the membrane
fouling by iron colloids was mainly caused by the physical clogging in the membrane element. In
addition, NaOH solution showed a better performances in permeate flux recovery of matured iron
colloidal fouled membrane and that was found to be up to 89.1%. For the permeate flux recovery
of a fouled RO membrane by organic aggregates or iron colloids, I recommend back-flushing
through the concentrate port at the flow rate of 1,100 mL/min using a sodium hydroxide solution at

the concentration of 1,000 mg/L as a back-flushing solution.
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Chapter 111
Organic Aggregates and Iron Colloids Removal through Active Surface-charge Control
Depth Filtration

3.1 Introduction

The reverse osmosis (RO) experiments in Chapter Il revealed that the RO process can produce good
quality potable water. However, a few foulants like organic aggregates and iron (Fe) colloids were
found to be problematic for the continuous operation of the system. Accordingly, a pre-treatment
of suspended solids (SS) like organic aggregates and Fe colloids should be introduced prior to the
RO process. In this aspect, the application of depth filtration can be an alternative, cost-effective,
and easy pre-treatment method. Depth filtration is a conventional technology and has been widely
used for water and wastewater treatment using different filtration media like natural silica,
anthracite, charcoal, and various fabric materials. In depth filtration, SS and colloidal particles are
removed from a water stream by capturing them on porous media. The most significant advantage
of depth filtration is its relatively small head loss and a high resistance to clogging in compared
with other unconventional membrane technologies like microfiltration (MF), ultrafiltration (UF),
and nanofiltration (NF).

Over the last half century, depth filtration process in porous bed has become more common in
wastewater treatment area due to the stringent effluent quality standards (Darby et al., 1991). In this
method, solid particles in suspension are generally adsorbed on or retained by the media while
filtration. However, the effectiveness of particles removal depends on the surface forces acting
between particles and filter grains. The latter is significant when distance between particles and

filter grains are in the order of nanometers (Jegatheesan and Vigneswaran, 2003).

Numerous complementary research works have been performed to clearly understand the effects of
media material on removal of SS by depth filtration (Tien and Payatakes, 1979). Still in recent years,
depth filtration models cannot completely account for the fundamental insights concurring with a
large variety of solid loading rate for wastewater filtration (Ding et al., 2015). It is well known that
tiny particles separation is a very complex process and influenced by several factors such as
wastewater characteristics, types of SS, and the operation mode of filtration (Darby and Lawler,
1990). When filtration proceeds over time without back-washing, effluent quality may be improved
but clogging of filter bed will result in an increase in head loss and a decrease in filtration flux
(Jackson and Letterman, 1980). Clogging and head loss are influenced by various factors like
particle size distribution, particle concentration, particle surface chemistry, filter media size, and
media type (Cushing and Lawler, 1998). A filter media with an uneven media size distribution
normally have a greater chance of clogging than uniform filter media. The formation of clogging

depends on the size distribution of SS, fine bedload, and channel sediments. Large fine particles
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diameter more than 30 um are subjected to mechanical filtration rather than surface phenomena
such as the van deer Waals force. Medium sized particles between 3 and 30 um are retained by both
filtration mechanisms. Adhesion of colloidal particles and bacteria are exclusively due to

physiochemical process (Brunke, 1999).

In general, performance of a filter is quantified by particle removal efficiency and head loss across
the packed bed. Since, filtration is often thought to be a unit operation at post-treatment stage in
wastewater treatment process, a secure removal of SS is required to satisfy the specific standard
limit. In depth filtration mechanism, large and submicron particles, colloidal, and insoluble
materials are removed while passing through a tortuous path before it is able to reach the other side

(Ison and Ives, 1969). Figure 3.1 shows the flow of fluid and particles through depth filter media.
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Figure 3.1 Flow of fluid and particles through depth filter media.
It is logical that particles larger than the pore size would be easily removed by mechanical filtration
that is termed as sieving, straining, or size exclusion. In addition, adsorption and attraction
mechanisms are also observed in depth filtration, where particles are adsorbed by the electro-kinetic
force or surface affinity. Relatively large particles impact the filter medium through inertia, and
relatively small particles impact through random Brownian motion. In these process particles are
finally adsorbed on the filter medium by the van der Waals force or the interaction in the electric
double layers (EDLS) of the surfaces (Stephan and Chase, 2001). However, the removal of particles
smaller than the pore size and microorganisms like total coliform (TC) and general bacteria (GB)
are less intuitive. In this case, an electro-kinetic effect in charge modified depth filter media would
be able to remove these submicron particles, colloidal materials, and insoluble contaminants (Hou
et al., 1980). Natural particles and colloids in water usually have a negative surface charge.
Therefore, if filter media have an opposite surface charge against particles in water the particle
removal performances of the system will be enhanced (Goldberg and Glaubig, 1987; Jefferson et

al., 2005).
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Considering this notion a laboratory scale depth filtration system was developed using a conducting
carbon fiber felt made from polyacrylonitrile fibers with 5.3 um in diameter as filter media, in which
surface charge of filter media was actively controlled with a direct current (DC) power supply. In
this system, wastewater filtration was performed under a positive surface charge of the filter media
and back-washing was performed under a negative surface charge. These operations would enhance
the particle rejection and back-washing effect through electrostatic interactions between particles
and media surface (Kishimoto et al., 2010). The specific objectives of this research was to find out
an optimum condition of the active surface-charge control depth filter for the removal of fouling
materials of the RO membrane such as organic and inorganic particles. In addition, efficacy of this

system on desorption of particles from filter media at the back-washing step was also explored.

3.2 Materials and Methods

3.2.1 Experimental Setup

Figure 3.2 shows the experimental setup. The laboratory scale experimental system was composed
of a filter module, a feed pump (RP-1000, EYELA, Japan), a digital DC power supply (AD-8735D,
AND, Japan), and a high power ultrasonic cleaner (SUS-200, Shimadzu, Tokyo, Japan).
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Figure 3.2 Laboratory scale experimental setup. 1: Ultrasonic cleaner, 2: Influent, 3: Feed water
pump, 4: Effluent, 5: DC power supply in filtration mode, 6: DC power supply in back-washing
mode, 7: Filter module, 8: Acrylic tube, 9: Acrylic resin cover, 10: Porous stainless steel plate, 11:
Polytetrafluoroethylene mesh, 12: Silicon rubber, 13: Carbon fiber felt, and 14: Bolts.

The filter module was constituted of a filter bed chamber made of silicon rubber with 2.5 cm height
and two covers made of acrylic resin with an inlet or outlet. Five sheets of carbon fiber felt (Weight
per area: 250 g/m?; Kanai Juyo Kogyo, Osaka, Japan) with 3 cm in diameter and 0.5 cm in thickness
were stacked in the filter module. Two porous stainless steel (ANSI304) plates with 5 mm pores

were set at the upper and lower end of the filter module as a counter electrode and a conductor to
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the carbon fiber felt, respectively. A polytetrafluoroethylene mesh sheet with 1 mm in thickness
was inserted between upper stainless steel plate sheet and carbon fiber felt as a separator. The empty

volume of filter bed chamber was 17.7 cm?®.

3.2.2 Experimental Procedure and Operational Conditions

Before each experimental run the filter module was washed with deionized water (DW) of electrical
conductivity (EC) less than 1 uS/cm, unless and until particles were not detected in the effluent. In
this study, Run 1 was conducted to observe the kaolin particle removal efficiency in DW with no
electric charge to the filter bed, Run 2 was conducted to observe the effect of conductivity on kaolin
particle removal performances with no electric charge, and Run 3 was conducted to observe the

effect of electric charge to the filter bed on kaolin particle removal performances.

The kaolin particle removal efficiency in synthetic contaminated source water was observed in Runs
4 and 5 at pH 6.7 and 7.8, respectively. The Runs 4 and 5 demonstrated the effect of synthetic
contaminated source water pH on kaolin particle removal performances at around neutral pH. Run
6 was demonstrated to observe the effect of anionic surfactant on kaolin particle removal
performances. The Fe and kaolin particle removal performances were observed in Runs 7 and 8 at
pH 4.6 and 8.6, respectively. The Runs 7 and 8 demonstrated the effect of acidic and alkaline pH
on kaolin particle and Fe colloids removal performances. Moreover, the effect of anionic surfactant
in Fe and kaolin particle removal performances were observed in Runs 9 and 10 at pH 3.8 and 7.9,
respectively. The Runs 9 and 10 were demonstrated to observe the effect of anionic surfactant on
kaolin and Fe colloids removal performances at acidic and alkaline pH. Here, the objectives of
doing several runs were to find out the exact parameters that influence on the kaolin particle and Fe

colloids removal performances.

Tables 3.1 and 3.2 show the operational conditions and the synthetic influent characteristics of Runs
1-10, respectively. The potential of the conducting carbon felt against the counter electrode in the
filter module was set to +1.0 V at filtration mode of Runs 3-10, though the potential was not applied
at Runs 1-2 (Table 3.1). At the back-washing mode, the potential was reversely changed to -1.0 V
at Runs 3-10 and the potential was not applied at Runs 1-2. The terminal voltage was set £1.0 V,
because this terminal voltage was within the potential window of water electrolysis, where
electricity was used only for charging of the EDLSs of filter media and the counter electrode (Ho et
al., 1990). The back-washing solutions were flowed from the opposite direction of filtration mode
at all experimental runs following the Figure 3.2 to remove the clogged or retained particles in the

filter media, which is defined as washout step. The filtration hydraulic loading and filtrated water
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volume of Runs 1-10 was 283 L m2 min™ and 800 mL, respectively. On the other hand, the back-

washing hydraulic loading and back-washed water volume of Runs 1-10 was 1,274 L m? min"tand

1,000 mL, respectively.

Table 3.1 Operational conditions of Runs 1-10.

Empty volume of the filter module

Applied voltage in Runs 1-2
Applied voltage in Runs 3-10
Filtration hydraulic loading of Runs 1-10

Filtrated water volume of Runs 1-10

Back-washing hydraulic loading of Runs 1-10

Back-washed water volume of Runs 1-10

17.7 cm3
Not applied
+1.0V

283 L m2 min-!

800 mL

1,274 L m2 min-!

1,000 mL

Table 3.2 Synthetic influent characteristics of Runs 1-10.

Spiked concentration/L in influent

Measured concentration/L in influent

Runs DW SCSW Kaolin NaCl SLS Fez* pH Zetapotential () EC Suspended solid (SS)  Turbidity = Color Fe2*
L O (@mg (mg) (mg) (mg) (mV) (uS/cm) (mg) (mg/L-kaolin) (Pt-Co) (mg)
Run1 1 X 100 0.0 0.0 00 74 -341+18 3 93.0 87.0 1425 0.0
Run 2 1 x 100 2922 00 00 59 -21.2+41 560 94.0 95.0 120.0 0.0
Run 3 1 X 100 2922 00 00 59 -21.2+41 550 88.0 83.5 1175 0.0
Run 4 x 1 100 0.0 00 00 6.7 -305+22 480 93.0 84.0 1875 0.0
Run 5 x 1 100 0.0 00 00 *7.8 -265+6.3 670 92.0 86.5 170.0 0.0
Run 6 1 X 100 2922 100 00 6.6 -474+70 770 90.0 83.0 1625 0.0
Run 7 1 X 100 2922 0.0 10 4.6 54412 580 111.0 101.0 155.0 12.8
Run 8 1 X 100 2922 0.0 10 *8.6 -37.4+44 600 108.0 104.0 260.0 5.6
Run 9 1 X 100 292.2 100 10 38 -423+26 870 108.0 103.0 330.0 9.9
Run 10 1 X 100 292.2 100 10 *79 -305+1.4 830 108.0 76.5 2250 5.4

DW=Deionized Water; SCSW=Synthetic Contaminated Source Water (Table 3.3); SLS=Sodium Lauryl Sulfate; EC=Electrical
Conductivity; *The pH was increased adding 50 mM-NaOH.

Table 3.3 shows the synthetic contaminated source water characteristics of Runs 4 and 5. Here, the

influent used in Runs 4-5 was municipal wastewater of Ryukoku University diluted by a 5-time

with normal tap water. After that, it was kept in room temperature for about 2 months. As a result,

organic matter was decomposed into inorganic carbon, nitrate (NO3’), and ammonium (NH4").

Consequently, NO3™and NH4" concentrations were found to be higher than biochemical oxygen

demand (BOD) and chemical oxygen demand (COD) (Table 3.3). The synthetic contaminated

source water was filtrated using a glass fiber filter with 1-um particle rejection (GF/B, Whatman,

Japan) just before experimental runs.
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Table 3.3 Water quality of synthetic contaminated source water filtrated for Runs 4 and 5.

SS EC pH DO Turbidity Color NO, NO3 NH; BOD COD
(mg/L) (uS/cm) (mg/L) (mg/L-kaolin) (Pt-Co) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

0.0 620 7.1 8.0 0.0 165 00 930 282 39 208

EC=Electrical Conductivity.

In the back-washing experiments, DW was used as back-washing solution in Runs 1-2 and a sodium
chloride (NaCl) solution with NaCl concentration of 5 mM (292.2 mg/L) (EC=580 uS/cm) was
used in Runs 3-10. In the preparation of the influent of Runs 1-10 a high power ultrasonic cleaner
was operated for 30 minutes to promote the dispersion of fine particles. The ultrasonic cleaner was
continuously operated during the filtration operation too. In this experimental study, kaolin powder
of 0.1-4.0 um in diameter (Nacalai, Tesque, Kyoto, Japan), NaCl, sodium lauryl sulfate
(CH3(CH2)110S03Na), and ferrous sulfate heptahydrate (FeSO4.7H20) were used for the source of
micro particles, electron conductor, anionic surfactant, and ferrous ion, respectively. Moreover, 50
mM (200 mg/L) sodium hydroxide (NaOH) was used as alkaline solution to increase the pH in

Runs 5, 8, and 10, respectively.

3.2.3 Analytical Methods

The pH, dissolved oxygen (DO), and EC were measured with a pH meter (B-212, Horiba, Japan),
a DO meter (LDO, HQ10, Hach, USA), and an EC meter (Twin cond, B-173, Horiba, Japan),
respectively. A pH controller (FD-02, Series-B, Japan) was used to adjust the pH. Turbidity and
color were measured with a digital turbidity/color meter (Aqua Doctor, WA-PT-4DG, Kyoritsu
Chemical-Check Lab, Japan). Concentrations of nitrite (NO2"), NOs’, and NH4" were determined
by colorimetric method (4500-NO2" B) (Rice et al, 2012), cadmium reduction method (4500-NOz
E) (Rice et al., 2012), and phenate method (4500-NHs F) (Rice et al., 2012), respectively. Ferrous
ion (Fe?*) was measured by phenanthroline method (3500-Fe B) (Rice et al., 2012). The BOD was
measured by 5-day BOD test (5210 B) (Rice et al., 2012) and COD was measured by closed reflux
colorimetric method (5220 D) (Rice et al., 2012). Particle size distributions of kaolin suspension
and Fe colloids in influent, effluent, and back-washed water were measured with a laser diffraction
particle size analyzer (SALD-300V, Shimadzu, Kyoto, Japan). Zeta potential was measured with a
zeta potential meter (ZEECOM ZC-2000, Microtec, Funabashi, Japan). Total coliform (TC) and
general bacteria (GB) were measured by test papers for TC and GB (Sibata, Saitama, Japan) using
colony count, most-probable-number (MPN) method with thermostat incubator (CALBOX, CB-
101, Sibata, Saitama, Japan). Filtrate was collected as effluent and the mass of kaolin in the filtrate
was measured as SS using glass fiber filter with 0.7 um particle rejection (GF/F, Whatman, Japan).
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DW with the EC less than 1 uS/cm was used for the dilution and preparation of standard solution,

as obtained from a water purification system (Autostill, WA5000, Yamato, Japan).

3.3 Results and Discussion

3.3.1 Zeta Potential of Particles

Figure 3.3 shows the zeta potentials of particles at Runs 1-10 depending on pH and artificially
spiked ingredients, namely kaolin particles, NaCl, sodium lauryl sulfate, and FeSO4.7H20 in the
influent (Table 3.2). Here, the zeta potential of kaolin particles was found to be -34.1 mV in DW at
pH 7.4 (Run 1). But, when NaCl was added to the suspension (Runs 2 and 3), pH decreased to 5.9
and zeta potential increased to -21.2 mV, which would be caused by protonation with the decrease
in pH (Adelkhani et al., 2009; Kishimoto et al., 2010; Yukselen and Kaya, 2003).

However, the zeta potential of kaolin suspension in synthetic contaminated source water in Run 4
and 5 was found to be -30.5 and -26.5 mV at pH 6.7 and 7.8, respectively. In this case, pH was
increased by the addition of NaOH in Run 5. Therefore, the zeta potential of kaolin particle in
synthetic contaminated source water showed reverse behavior with pH due to the effect of positively
charged sodium ion (Na*) in the kaolin suspension, which accords with the experimental results of
Moayedi et al. (2011).

0 e — 12

i * Kaolin is common in Runs 1-10. i ____________ ,
50 _i +“+ DW=Deionized Water. ' im]Zeta potential | 110
! «» SCSW=Synthetic Contaminated Source Water (Table 3.3). | ' H !
1+ SLS=Sodium Lauryl Sulfate. ‘ o
1 T it bbbt b 8
R ‘ "
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E 30 . . 6 =5
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-10 + {2
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Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10
(DW+ (DW+ (SCsw+ (DW+Fe?*  (DW+SLS (DW+SLS+
(DW) NaCl) NacCl) (SCSw) NaOH)  (DW+SLS) (DW+Fe?*) +NaOH) +Fe?*)  Fe?*+NaOH)

Figure 3.3 Zeta potential characteristics of Runs 1-10, where kaolin was used as a model common
micro particles in Runs 1-10, sodium lauryl sulfate was used in Runs 6, 9, and 10, and Fe was used

in Runs 7-10. The error bars depict the unbiased standard deviation.

The zeta potential of Run 6 was found to be -47.4 mV, which was lower than that of other runs,
where kaolin particle and sodium lauryl sulfate were diluted with DW at pH 6.6. Since sodium
lauryl sulfate is a negatively charged anionic surfactant, the adsorption of sodium lauryl sulfate onto

the kaolin particle may take part in decreasing the zeta potential regardless of pH in the solution.
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In the case of Runs 7 and 8 the zeta potentials of kaolin suspension in DW with Fe ions were found
to be -5.4 and -37.4 mV at pH 4.6 and 8.6, respectively. Since, the zeta potential of ferric hydroxide
((Fe(OH)3) is reported to be positive at pH less than around 6 (Hamamoto, 2016). The zeta potential
in Run 7 was found to be higher than that of all runs, though the value was still negative. On the
contrary, when the pH of Run 7 was increased to 8.6 (Run 8) the zeta potential decreased to -37.4

mV due to deprotonation effect (Yukselen and Kaya, 2003).

The zeta potentials of Runs 9 and 10 were found to be -42.3 and -30.5 mV at pH 3.8 and 7.9,
respectively. Here, kaolin particle, sodium lauryl sulfate, and FeSO4.7H20 were diluted in DW. The
zeta potential in Run 9 was found to be lower than Run 10. In the case of Run 9 negatively charged
head of sodium lauryl sulfate (SLS) was associated with positively charged Fe colloids in Run 9.
As a result, Fe colloids covered by SLS that hydrophobic tails are exposed to the outer side namely,
bulk water. Then, other SLSs were associated with SLSs adsorbed on the Fe colloids by
hydrophobic interaction. Consequently, the surface of the Fe colloid was covered by negatively
charged heads of SLSs, which result in the low zeta potential. In Run 10, negatively charged surface
of Fe colloids prevent the adsorption of SLS onto the Fe colloids. Accordingly, the zeta potential

observed in Run 10 was higher than that in Run 9.

At a glance, the zeta potential characteristics of kaolin particles in pure water, synthetic
contaminated source water, anionic surfactant, and Fe-contaminated water are summarized here.
The zeta potential of kaolin particles and kaolin particles with Fe(OH)z in pure water was found to
increase with the decrease in pH probably due to the protonation effect (Runs 1, 2, 3, 7, and 8).
However, the increment in zeta potential with the increment in pH was observed in Runs 4 and 5,
where synthetic contaminated source water was added. Adsorption of positive ions/or organic ions
in synthetic contaminated source water onto the kaolin surface might be responsible for such a
phenomenon. However, extensive researches will be required for elucidating the mechanism in the

future.

3.3.2 Effect of Conductivity and Electric Charge on Particle Separation

Figure 3.4 (a-f) show the volume-based kaolin suspension particle size distribution of influent and
effluent of Runs 1-3. Here, the conductivity in influent of Runs 1-3 were 3, 560, and 550 puS/cm,
respectively (Table 3.2) and a terminal voltage of +1.0 V was applied for Run 3 alone (Table 3.1).
In addition, it is notable that the diameter of kaolin particles used in the experiments was in the

range of 0.1-4.0 um. However, the kaolin particle diameter increased to the range of 0.139-8.200
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pm in the influent of Run 1 (Figure 3.4 (a)), 0.139-68.431 pm in the influent of Run 2 (Figure 3.4
(c)), and 0.139-58.126 um in the influent of Run 3 (Figure 3.4 (e)), because of self-flocculation.

Figure 3.4 (b) and (d) show the particle size distribution of effluent in Runs 1 and 2. From these
graph it is observed that the particles larger than 6.965 pum were decreased by filtration without
impressed voltage. This result indicates that the particles larger than 6.965 pum were removed by

the sieving mechanism and the adsorption mechanism by van der Waals forces.
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Figure 3.4 (a-f) Volume-based kaolin suspension particle size distribution of influent and effluent
of Runs 1-3, where as a solvent for kaolin particle, DW was used in Run 1 and DW with 5 mM-

NaCl was used in Runs 2-3.

Figure 3.4 (f) shows the particles were completely removed by the depth filtration with the
impressed voltage at +1.0 V. Accordingly, it was inferred that smaller particles less than 6.965 um
were mainly removed by electro-kinetic adsorption mechanism. On the other hand, smaller particles
within the range of 0.100-0.266 pum in the effluent of Run 1 (Figure 3.4 (b)) and 0.100-0.434 pm in
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the effluent of Run 2 (Figure 3.4 (d)) were found to be decreased without electric charge and thought

to be due to the effect of self-aggregation of small particles during the filtration.

Figure 3.5 shows the SS, turbidity, and color removal efficiency of Runs 1-3. The influent of Run
1 with the EC of 3 uS/cm was filtrated without application of terminal voltage and SS removal
efficiency was found to be 92.2%. But, when the influent of Run 2 with the EC of 560 uS/cm was
filtrated without application of terminal voltage like Run 1, SS removal efficiency was found to be
a little bit more than Run 1, and it was found to be 97.3%. Due to addition of NaCl in Run 2, the
ionic strength of the solution was intensified and the thickness of the electrical double layer was
decreased, which helped to enhance the particles contact with the filter media and affected in
particle removal efficiency (Huang et al., 1999). Moreover, the application of terminal voltage (+1.0
V) in Run 3 showed 100% removal efficiency of all parameters (Figure 3.5) probably due to the
electrostatic attraction between the particles and the filter media (Foess and Borchardt, 1969).
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Figure 3.5 SS, turbidity, and color removal efficiency of Runs 1-3 at the filtration hydraulic loading
of 283 L m2 min't, without application of terminal voltage in Runs 1 and 2, and +1.0 V terminal

voltage was applied in Run 3.

From the above discussions it can be concluded that the kaolin particles in size more than 6.965 pum
in diameter were physically clogged by the pore space of the filter module and physically adsorbed
on the filter media by van der Waals forces, but the kaolin particles less than 6.965 um were mainly
trapped by the electrostatic adsorption onto the filter media. Considering the 100% removal
efficiency of all indices in Run 3, a terminal voltage of +1.0 V was adopted at the following
experiments (Runs 4-10) using synthetic contaminated source water, anionic surfactant, and Fe-

contained water.
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3.3.3 Kaolin Particle and Iron Removal Performances in Synthetic Contaminated Source
Water and Anionic Surfactant Contained Water through Filtration

The SS, turbidity, color, and Fe removal performances were observed on Runs 4-10 at the terminal
voltage of +1.0 V with the filtration hydraulic loading of 283 L m min (Table 3.1). Since Fe?*
was spiked in the influent of Runs 7-10 at the concentration of 10 mg/L, SS in the influent was
found to be a little bit more than that of Runs 1-6 (Table 3.2). Figure 3.6 (a-n) show the volume-
based particle size distribution of influent and effluent of Runs 4-10. The particle size distribution
of influentin Runs 4, 5, and 6 (Figure 3.6 (), (c), and (e)) show the similar pattern to that in influent
of Run 1 (Figure 3.4 (a)), though the influent in Runs 4, 5, and 6 had the similar EC of 480, 670,
and 770 puS/cm to that in Run 2 (EC=560 puS/cm) and 3 (EC=550 uS/cm). Figure 3.7 shows the SS,
turbidity, color, and Fe removal efficiency of Runs 4-10. In the case of Runs 4-6, SS removal
efficiency was found to be lower than that of other runs, where synthetic contaminated source water
(Table 3.3) was used for the dilution of kaolin particles in Runs 4 and 5 and, kaolin particles with

sodium lauryl sulfate was diluted with DW in Run 6.
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Figure 3.6 (a-n) Volume-based kaolin suspension particle size distribution of influent and effluent

of Runs 4-10, where synthetic contaminated source water (Table 3.2) was used as a solvent in Runs

and 10, and

9

4 and 5. Sodium lauryl sulfate at the concentration of 100 mg/L was used in Runs 6

Fe was spiked at the concentration of 10 mg/L in Runs 7-10.

The SS removal efficiency was 22.2% in Run 4 at pH 6.7, 45.7% in Run 5 at pH 7.8, and 51.1% in

Run 6 at pH 6.6, respectively, though 100% removal efficiency was observed at Run 3. In Run 6,

SS removal efficiency was found to be decreased due to the addition of sodium lauryl sulfate
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probably due to the adsorption of negatively charged sodium lauryl sulfate onto the filter media,
which changed the surface charge of filter media from positive to negative. Besides, SS removal
efficiency in Runs 4 and 5 were found to be much lower than Run 6. Here, it is assumed that anionic
surfactant-like compounds were contained in the wastewater, affected seriously in charge-based
particle removal mechanism of the depth filtration system (Besra et al., 2006; Stumm and Morgan,
1962).

Figure 3.6 (g) and (i) show the particle size distribution of Runs 7 and 8 in the influent of kaolin
suspension with Fe. The particles in the influent were found to be in the range of 0.118-9.653 um
in Run 7 and 4.268-41.938 um in Run 8. Although Fe was spiked at the same concentration of 10
mg/L in Runs 7 and 8, the particle size distribution showed the different pattern. This was happened
due to the difference in the oxidizing behavior of Fe at acidic and alkaline pH. In the case of Run
8, Fe was completely oxidized at pH 8.6 following the equations 1 and 2 and the Fe(OH)s flocs
were accumulated in the solution, which formed larger particles in comparison with original kaolin
particles.

AFe?" + Oy + 4H" — 4Fe® + 2H,0 (1)

Fe®" + 30H — Fe(OH)s| ()
As aresult, SS removal efficiency in Run 8 was nearly equal t0100% (Figure 3.7). The Fe removal
efficiency of 96.4% in Run 8 supported the above discussion. The less amount of Fe removal
efficiency in Run 7 was thought to be due to the partial oxidation of Fe at acidic pH of 4.6, which
is supported by the low Fe removal efficiency of 29.9% as shown in Figure 3.7. The un-oxidized
Fe easily passed through the filter module, because both the filter module and the Fe were positively

charged.

10 e
«+ Kaolin is common in Runs 4-10. '
+« DW=Deionized Water. H
+» SCSW=Synthetic Contaminated Source i
1
1

@
o

Water (Table 3.3).
« SLS=Sodium Lauryl Sulfate.
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Figure 3.7 SS, turbidity, color, and Fe removal efficiency of Runs 4-10 at the filtration hydraulic

loading of 283 L m min', with the applied terminal voltage of +1.0 V.
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Figure 3.6 (k) and (m) show the particle size distribution of Run 9 and 10 in the influent of kaolin
suspension with sodium lauryl sulfate and Fe. Here, the particles were found within the range of
0.118-5.025 pm in Run 9 and 0.983-214.498 um in Run 10. The influent particle size distribution
of Runs 9 and 10 show the similar pattern to that of Runs 7 and 8. Moreover, the influent particle
size distribution of Runs 6 and 9 were found in the same range like Run 1 (Figure 3.4 (a)), though
sodium lauryl sulfate was added in Runs 6 and 9. This result suggests that sodium lauryl sulfate did
not take part in particle aggregation. The SS removal efficiency in Run 9 was not so high (72.2%)
due to the presence of anionic surfactant as aforementioned in Run 6 and the removal efficiency of

Fe was also low (47.5%) due to the acidic pH as was mentioned in Run 7.

On the contrary to Run 9, the SS removal efficiency and the Fe removal efficiency in Run 10 was
100% and 98.1%, respectively. Although sodium lauryl sulfate was present with the Fe colloids in
the influent of Run 10, unlike Run 6 sodium lauryl sulfate could not influence on SS and Fe removal
performances in Run 10 due to the stronger aggregation of kaolin suspension with Fe colloids at

pH 7.9. Similar results were observed by Lay et al. (1995).

From the above experimental results it could be summarize that, kaolin particle removal
performances were significantly affected by the contaminated source water (Runs 4 and 5) as well
as anionic surfactant-contained water (Run 6) regardless of pH. The complete kaolin particle
removal was observed in the pure water (Run 3) and pure water with Fe at alkaline pH (Run 10).
Similarly, Fe removal performances were found to be affected in acidic pH (Runs 7 and 9) due to
the partial oxidation, and 96.4% Fe removal was observed in Run 8 and 98.1% was observed in

Run 10 at slightly alkaline pH.

3.3.4 Evaluation of Total Coliform (TC) and General Bacteria (GB) Removal Performances
through Filtration

Figure 3.8 shows the total coliform (TC) and general bacteria (GB) removal performances. This
experiment was conducted to observe the TC and GB removal performances through filtration at
the hydraulic loading of 283 L m? min with the terminal voltage of +1.0 V. To conduct this
experiment, municipal wastewater of Ryukoku University was diluted by a 5-time with normal tap
water. Then it was used as influent for the source of TC and GB. Here, the TC and GB concentration
in the influent was found to be 88,800 CFU/mL and 116,000 CFU/mL, respectively. The filtrated
water volume was 2,000 mL. In this experimental study, the TC and GB removal efficiency through
filtration was found to be 23.7% and 30.3%, respectively. Similar removal efficiencies were
observed by Green et al. (1997) and Schaub and Sorber (1997).
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Figure 3.8 TC and GB removal performances through filtration with the terminal voltage of +1.0 V

and at the filtration hydraulic loading of 283 L m min™.

3.3.5 Effect of Back-washing on Kaolin Particle and Iron Washout from Filter Media

A series of back-washing experiments were demonstrated on Runs 1-10 at the back-washing
hydraulic loading of 1,274 L m min, using a back-washing solution of DW for the Runs 1-2 and
5 mM-NaCl solution (EC=580 uS/cm) for the Runs 3-10. At the back-washing mode, -1.0 V
potential was applied at Runs 3-10 and the potential was not applied at Runs 1-2 (Figure 3.2). Figure
3.9 (a-j) show the volume-based particle size distribution in back-washed water of Runs 1-10. As a
whole, the particles diameter of the back-washed water in Runs 1-10 were found to be in the range
of 0.139-68.431 um. Here, part of particles in back-washed water of all the runs were found to be
aggregated. The particle aggregation in back-washed water may occur through aeroflocs
mechanism due to air intrusion while shifting the operation mode from filtration to the back-
washing (Oliveira et al., 2014).

Figure 3.10 shows the SS, turbidity, color, and Fe washout removal performances of Runs 1-10.
Here, the washout removal efficiency is defined as the ratio of the amount of particles washed away
by the back-washing to the amount of particles removed at the filtration step. The SS washout
removal efficiency in Run 3 was higher (72.5%) than that in Run 1 (60.0%) and slightly higher than
that in Run 2 (68.2%).
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Among the Runs 1-10, SS washout removal efficiency in Runs 6, 9, and 10 remained low, namely
7.8%, 4.6%, and 12.5%, respectively (Figure 3.10). Since sodium lauryl sulfate was added into the
influent of Runs 6, 9, and 10, it is inferred to inhibit the repulsive force mechanism through the
linkage between the filter medium and particles by the hydrophobic tails in the surfactant.

In the case of Runs 4 and 5, sodium lauryl sulfate was not added in the influent, but kaolin particle
was diluted in the wastewater shown in Table 3.3. Here, the SS washout removal efficiency was
found to be relatively low, namely 59.5% in Run 4 and 55.0% in Run 5. In these cases, such a low
washout removal efficiency is predicted due to the presence of anionic surfactant-like compounds

in the wastewater, which affected in repulsion mechanism.

The SS washout removal efficiency in Runs 7 (45.9%) and 8 (50.7%) were found to be lower than
that in Run 3 (72.5%), but to be higher than that of Runs 6, 9, and 10. In Runs 7 and 8 Fe was spiked
into the influent without addition of sodium lauryl sulfate. As a result, SS washout removal was not
so much hindered by Fe like the Runs 6, 9, and 10. However, SS washout removal efficiency in
Run 7 was found to be a little bit less than Run 8. In this case, the un-oxidized Fe?* was positively
charged at pH 4.6. As a result, the application of negative potential in the back-washing step created
an attracting force between the Fe?* and the filter media instead of repulsive force, which hindered

in SS washout removal efficiency in Run 7.

100

<+ Kaolin is common in Runs 1-10.

«» DW=Deionized Water.

«» SCSW=Synthetic Contaminated Source Water (Table 3.3).
% SLS=Sodium Lauryl Sulfate.
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Figure 3.10 SS, turbidity, color, and Fe washout removal performances of Runs 1-10 by back-
washing at the back-washing hydraulic loading of 1,274 L m™ min, where terminal voltage was

not applied in Runs 1 and 2, and -1.0 V terminal voltage was applied in Runs 3-10.

The Fe washout removal efficiency was measured in Runs 7-10. The Fe washout removal efficiency
in Run 8 (59.7%) was to some extent higher than that of Run 7 (49.6%). Fe was completely oxidized
at alkaline pH and formed hydroxide flocs in Run 8. As a result, a thin soft cake layer of Fe(OH)3
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would be formed on the surface of filter media, which were washed away easily at the high back-
washing hydraulic loading of 1,274 L m™ min™ from the surface of filter media during the back-
washing stage. But, in the case of Runs 9 (6.4%) and 10 (15.1%) the Fe washout removal
efficiencies were found to be comparatively very low with respect to Run 8 (59.7%). Since, sodium
lauryl sulfate was present in the influent of Runs 9 and 10, which influenced Fe washout removal
performances in the back-washing step. This can be explained in such a way that the positively
charged hydrophobic tails of sodium lauryl sulfate covered the oxidized or un-oxidized Fe and the
application of negative potential in the back-washing step created an attracting force that captured

the Fe and hindered in washout removal performances.

From the above discussions it can be summarized that simple back-washing has the potentiality for
the washout of physically clogged particles if the particles are deposited over the surface of the
filter media like a cake layer. The washout removal efficiency by back-washing of the particles can
be enhanced if a repulsive force is created between the particles and the filter media. On the other
hand, the washout removal efficiency can be decrease dramatically if the particles are in contact
with the anionic surfactant or an anionic surfactant-like compounds, because these types of

surfactants inhibit in repulsive force mechanism between the particles and the filter media.

3.4 Conclusion

In this study, an effect of active control potential on filter medium was demonstrated at the terminal
voltage of +1.0 V at the filtration operation and of -1.0 V at the back-washing operation using kaolin
particle suspensions. An electric current was not observed, when the terminal voltage was
impressed, because the applied terminal voltage of +1.0 V was within the potential window of water
electrolysis. Accordingly, the electricity was used only for charging the electrical double layers of
filter media and counter electrode. This symptom denotes the zero energy consumption technique
and this operation could be highly effective in enhancing charge-based particle separation

mechanism in depth filtration.

The zeta potential of kaolin suspension in pure water and synthetic contaminated source water with
or without an anionic surfactant showed the negative values, but it varied in a wide range depending
on the pH of the solution and iron contamination. The kaolin particle removal efficiency in filtration
was observed 100% at the terminal voltage of +1.0 V in the kaolin suspension in 5 mM sodium
chloride solution at the hydraulic loading of 283 L m™ min*. However, the kaolin particle removal
efficiency decreased to 22.2-45.7% in synthetic contaminated source water and 51.1% in an anionic

surfactant-contained water. On the contrary, the kaolin particle washout removal efficiency was
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observed 72.5% at the terminal voltage of -1.0 V at the back-washing hydraulic loading of 1,274 L
m2 mint. But, the kaolin particle washout removal efficiency was decreased to 55.0-59.5% in
wastewater and 4.6-12.5% in an anionic surfactant-contaminated water. The iron colloids
suspension washout removal performances was observed to be 59.7% in an anionic surfactant-free

water, but 6.4% in an anionic surfactant-contained water.

Moreover, total coliform and general bacteria removal efficiency were found to be 23.7% and
30.3%, respectively. Therefore, the application of electric charge technique in the depth filtration
would be effective in removing colloidal size particles like inorganic and organic particles in the
sewage contaminated water, though the removal of total coliform and general bacteria was not
expected very much. From this experimental study, | recommend 0.283 m®* m2 min™ hydraulic
loading for the removal of organic aggregates and iron colloids with the terminal voltage of +1.0 V.
For the washout of organic aggregates and iron colloids from the filter media | recommend the
hydraulic loading of 1.27 m® m2 min™ with 5 mM sodium chloride contained pure water with the

terminal voltage of -1.0 V.
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Chapter IV
Inorganic Nitrogen and Microorganisms Removal through Electrolysis

4.1 Introduction

Chapter Il revealed that the reverse osmosis (RO) process had a potential to produce potable water
with acceptable water quality from the contaminated source water. However, the rejection
efficiency of inorganic nitrogen such as ammonia was relatively low even if the RO process was
applied. Therefore, a process assisting the RO process should be introduced for the removal of
inorganic nitrogen. Furthermore, a membrane fouling was a serious threat for extended operation
of the RO process. In order to remove foulants from the feed water in the RO process, the depth
filtration with the active control of the surface charge of the filter media was discussed as a pre-
treatment technique in Chapter Ill. The depth filtration successfully removed particulate foulants
from the contaminated source water. However, the removal efficiencies of total coliform (TC) and
general bacteria (GB) remained low, which would cause the biofouling of the RO membrane.
Accordingly, a pre-treatment technique for the removal of TC and GB should be also introduced

prior to the RO process in this study.

Electrolysis is a technique to promote non-spontaneous chemical reactions driven by electric
potential. The electrolysis principle was first formulated by Michael Faraday in 1820. In an
electrochemical cell, an application of electric voltage moves cations and anions to cathodes and
anodes, respectively, and results in the reduction of cations and oxidization of anions (Chopra et al.,
2011). The electrochemical water treatment concept was first inaugurated at the beginning of the
nineteenth century in the United Kingdom (UK). After that, it has been widely used elsewhere in
the field of water and wastewater treatment due to its high effectiveness, lower maintenance cost,
and rapid removal of pollutants. Besides, electrolysis offers prospective advantages over
conventional treatment process such as coagulation, flocculation, and sedimentation, because it can
be operated at normal temperature and pressure with a relatively simple equipment (Bejan et al.,
2005).

The invention of electricity and the availability of electrical power have facilitated the enhancement
of the electrochemical technologies to the door point of many fields (Chen, 2004). Nowadays, these
technologies are commonly employed in many places to deal with water treatment for the removal
of nitrogenous compounds particularly nitrate (NOgz), nitrite (NO2), and ammonia
(NHz)/ammonium (NH4") along with microbial organisms like TC and GB (Lin and Wu, 1996;
Pavlovic et al., 2014). Because, it shows comparatively high treatment efficiency, negligible

amount of sludge production, small area consumption, and quite low investment cost (Genders et
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al., 1996; Duarte et al., 1998). Therefore, electrolysis may be a suitable candidate as a pretreatment

technique for inorganic nitrogen removal from the contaminated source water.

Conversely, electrolysis is by some means considered as challenging task in wastewater treatment
due to its low current efficiency, formation of insulating deposits on the electrode surface, and
expensive electrode materials. However, in the last decades numerous cathode materials have been
studied by several researchers in electrochemical denitrification such as, copper (Cu), iron (Fe),
zinc (Zn), platinum (Pt), iridium (Ir), lead (Pd), and gold (Au). Some electrodes like Cu and Fe
presented quite efficient promoter for NOs™ reduction (Dash and Chaudhari, 2005; Ureta-Zanartu
and Yanez, 1997). Nevertheless, NO3z™ removal from potable water, wastewater, and concentrated
solutions that come from the reverse osmosis (RO), electro-dialysis, and ion exchange resin is a
critical issue in environmental protection. To solve this issue, copious research works on biological,
catalytic, and electro-catalytic methods have been looked at for the removal of NOs™ (Polatides et
al., 2005). The electrochemical reduction of NO3 leads to a relatively broad spectrum of products,
such as nitrogen gas (N2), hydroxylamine (NH2OH), nitrous oxide (N20), nitric oxide (NO), and
NHz (Gootzen et al., 1997). The pattern of NO3™ reduction on catalysts and electro-catalysts can be

stated as follows (Katsounaros and kyriacou, 2007):
NO,
NO; — NO,”— NO — NH,0H — NH;,
N2Og) = Na
However, in an electrochemical cell first of all, NOz™ is mainly reduced to NO," and NHs in the

course of cathodic cycle following the reactions 1 and 2. Secondly, the produced NO. and NHs are
oxidized to NOs and N2 in the anodic cycle following the reactions 3 and 4 (Bouzek et al., 2001).

Reactions in the cathodic cycle:

NO; + H,O + 2e- — NO, + 20H- (1)
2NO, + 12H,0 + 16e- — 2NH, + 180H- )
Reactions in the anodic cycle:

NO,” + H,0 — NO, + 2H* + 2e- 3)
2NH, — N, + 6H* + 6e- (4)

On the contrary, during the electrochemical reduction of NOgz", simultaneous electrochemical
oxidation of NHs to N2 is to some extent very difficult at a constant potential (Li et al., 2009). Thus,
it seems to be very tough to find out the appropriate conditions to perform both cathodic reduction
of NOz and anodic oxidation of the produced NHs in an electrochemical flow cell (VVanlangendonck
et al., 2005).
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In general, electrolysis of water containing sufficient amount of chloride ion (CI") produces chlorine
(CI2) by anodic oxidation. Then, Cl2 reacts with water (H20) and forms hypochlorous acid (HOCI)
following the equations 5 and 6. Further, HOCI reacts with the NHz and converts it into N> through
break-point chlorination mechanism (Pressley et al., 1972).

2CI — Cl, + 2¢ (5)
Cl, + H,0 — HOCI + HClI (6)

In this regards, titanium (Ti)/titanium oxide (TiOz) or rubidium oxide (RuO2) anode has been
advocated for the efficient removal of NHz with the appropriate amount of CI- concentration in the

electrolyte, for example 1g/L (Feng et al., 2003).

Therefore, in this study I intended to find out the appropriate conditions to perform both cathodic
reduction of NO3™ to NO2 and NH3 and along with anodic oxidation of the produced NH3 with the
presence of suitable CI” concentration to occur break-point chlorination. In addition, a cation
exchange membrane was inserted between the two-compartment electrochemical flow cell to
evaluate the NOs™ removal performances, where cation exchange membrane functioned to block the
migration of anions and water molecules to anode compartment, but allowed cations to move to the
cathodic compartment. The objective of this research was to find out an optimum condition in
response to the several parameters specially flow rate, electric charge, and CI” concentration to occur
break-point chlorination for the removal of nitrogenous compounds along with total coliform and

general bacteria.

4.2 Materials and Methods

4.2.1 Cyclic Voltammetry

A cyclic voltammetry (CV) was used to investigate NOs™ reduction characteristics of copper cathode.
Here, saturated silver/silver-chloride (Ag/AgCl) electrode was used as a reference electrode and a
platinum coated titanium (Ti/Pt) electrode was used as a counter electrode. Working electrode was
prepared by polishing the surface with an alumina-based abrasive (#800~#100, 3M, Japan). Test
solution was prepared with reagent grade chemicals (Wako Chemical, Japan) of potassium sulfate
(K2SOg4) and potassium nitrate (KNO3) diluted with deionized water (DW). The K2SO4 was used as
a supporting electrolyte to ensure sufficient electrical conductivity (EC), since it is a strong
electrolyte and fully ionized in water. The concentration of supporting electrolyte was determined
considering the similarity to EC of general source water. The pH and EC of 1 mM K>SO solution
was 6.8 and 290 uS/cm, respectively. On the other hand, the pH and EC of 1 mM K>SO4 with 1.42
mM KNOs solution was 5.3 and 440 uS/cm, respectively. The surface area of the working electrode
was 1.0 cm?. The potential sweep was cycled five times between +0.15 V to -1.23 V at a scan rate
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of 50 mV/sec from forward to backward scan direction for getting stable polarization using an

automatic polarization electrochemical system (HSV100, Hokuto Denko, Japan).

4.2.2 Experimental Apparatus for Electrolysis

Figure 4.1 shows the laboratory scale experimental setup. It was composed of a hand-made
electrolytic flow cell, a feed pump (RP-1000, EYELA, Japan), and a direct current (DC) power
supply (PW18-3AD, Kenwood, Japan). Figure 4.2 shows the structure of the electrolytic flow cell.
The flow cell was divided into two compartments, namely cathodic and anodic by inserting a flat

sheet cation exchange membrane (Nafion NE-1110, DuPont, USA) between two compartments.
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Figure 4.1 Laboratory scale experimental setup. 1: Synthetic water, 2: Feed water pump, 3: Effluent,

4: DC power supply, 5: Anode chamber, 6: Cathode chamber, and 7: Cation exchange membrane.
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Figure 4.2 Structure of the electrolytic flow cell. 1: Cathodic compartment, 2: Anodic compartment,
3: Water inlet tube in the cathode chamber, 4: Water outlet tube in the cathode chamber, 5: Water
inlet tube in the anode chamber, 6: Water outlet tube in the anode chamber, 7: Copper mesh, 8:
Cation exchange membrane, 9: Silicon rubber sheet, 10: Polytetrafluoroethylene mesh, 11: Acrylic

resin cover, and 12: Bolts.
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Ten sheets of copper (Cu) meshes (#40/36, 0.28 mm in the diameter of Cu wire) with the
configuration of 50 cm? constituted the cathode by stacking them in the cathodic chamber. The
effective cathode area amounted to be 2,892 cm?. The anodic compartment was equipped with a
Ti/Pt plate electrode at the outside of the compartment with the effective area of 50 cm? and was
filled with a polytetrafluoroethylene mesh sheet. The flame of the compartment was made of a
silicon sheet with 4 mm in thickness for cathodic and 1 mm in thickness for anodic one.
Accordingly, the empty volume of cathodic and anodic compartment was 20 cm?® and 5.0 cm?,
respectively. All parts of the cell were fastened tightly with 8 bolts.

4.2.3 Experimental Procedure for Electrochemical Denitrification

Before each experimental run positive and negative terminals of the DC power supply was perfectly
connected with the anode and the cathode, respectively. After that, the feed pump was switched on
to feed the synthetic water as well as synthetic contaminated source water into the electrolytic flow
cell. Then the DC power supply was turned on for galvanostatic electrolysis. All the runs were
performed under air-conditioned room temperature at 25°C. For sampling and analysis the effluent
from anodic compartment was collected by using laboratory grade glass bottles. Synthetic water

ingredients used for the experiments are given in the Table 4.1.

Table 4.1 List of chemicals used in synthetic water for the electrochemical denitrification

experiment.
Name of chemicals Concentrations Functions

Potassium sulfate (K,SO4) 174.25 (mg/L)/(1 mM) Supporting electrolyte
Potassium nitrate (KNOs) 144.43 (mg/Ly/(1.42 mM)/NOz-N=20 (mg/L) Source of nitrate ion

NO3'=88.57 (mg/L)/NO3=1.42 mM
Sodium chloride (NaCl) 100-800 (mg-Cl7/L)/329.68-1318.72 (mg/L)  Source of chloride ion
Citric acid monohydrate (CsHgO7.H,0) 10,507 (mg/L)/50 mM Used to remove oxide layers of copper meshes
Sodium bicarbonate (NaHCO3) 8,400 (mg/L)/100 mM Used to adjust the pH
Sulfuric acid (H2SO4) Density (1.84 g/mL) Used to adjust the pH

Table 4.2 Characteristics of synthetic contaminated source water in electrochemical denitrification

experiment.

SS (mg/L) EC (uS/cm) pH NO, (mM) NOz" (mM) NH,* (mg/L)/(mM) COD (mg/L)
0.0 270 7.0 0.0 0.0 5.28/0.29 41.0
SS=Suspended Solids; EC=Electrical Conductivity.

Table 4.2 shows the characteristics of synthetic contaminated source water characteristics, which

was a filtrated municipal wastewater in Ryukoku University was diluted by a 5-time with normal
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tap water. The filtration of the wastewater was performed using a glass fiber filter with 1um particle
rejection (GF/B, Whatman, Japan). The synthetic water as well as synthetic contaminated source
water was fed into the cathodic compartment, and then its effluent flowed into the anodic
compartment. Before each experimental operation Cu meshes were submersed into 50 mM citric
acid monohydrate (CsHsO7.H20) solution for 5 minutes for removing the oxide layers. Then, they

were washed with deionized water (DW) water for several times and used for the experiment.

4.2.4 Analytical Methods

The pH and EC was measured by a pH meter (B-212, Horiba, Japan) and an EC meter (Twin cond,
B-173, Horiba, Japan), respectively. The concentrations of NO2™ and NO3z™ were determined by the
ion chromatography (PIA-1000, Shimadzu, Japan) and NHs" was determined by the phenate
method (4500-NHs F) (Rice et al., 2012). Total chlorine and free chlorine was measured by a
chlorine meter (HI195711, Hanna Instruments, Romania). Total coliform (TC) and general bacteria
(GB) were measured by test papers for TC and GB (Sibata, Saitama, Japan) using colony count,
most-probable-number (MPN) method with thermostat incubator (CALBOX, CB-101, Sibata,
Saitama, Japan). DW of EC less than 1 uS/cm was used for the dilution and preparation of standard

solution, as obtained from a water purification system (Autostill, WA5000, Yamato, Japan).

4.3 Results and Discussion

4.3.1 Cyclic Voltammetry on Copper as Cathode Material

Figure 4.3 (a) shows the cyclic voltammogram (CV) of 1 mM K>SO, (EC=290 uS/cm) at the scan
rate of 50 mV/s on copper as a working electrode. The CV was developed in combination with the
capacitive or non-faradic and faradic current. The graph in Figure 4.3 (a) shows small amount of
non-faradic current that was used for the accumulation or removal of electrical charges on the

electrode and electrolyte solution near the electrode.

0.2 0.2

o ,
(@) ® & d . (b) & 50‘0 d L a
A e
Electrode potential (V vs. Ag/AgCl) ¥ " Electrode potentlal (v vs. Ag/AgCI) oo
-1.3-1.2-1.1-1.0-0.9-0.8- 6-0.5-040.3-0.2-0.1 0[0 0.1 0.2 13 12 11 10 09 08 07 06-0’5 04 08-02 6100 0.1 02
-0.1 T 01 A
¢ (EE) J / o® £
0213 ’ d@& 0243
______________ E 0 S E
b 1 EC=290 pS/cm ! 103 - ? i EC=440 pS/cm ! 103 - >
—————————————— . I-————————————- w
ittty 0442 . 04432
, a: Starting potential : 5] b S
i b: Cathodic peak current ! 5 5
E c: Switching potential | 05710 . 0590
+ d: Anodic peak current | 06 c’ 1 e: Abrupt increase of current E 06

Figure 4.3 Cyclic voltammograms of (a) 1ImM K2SOs, and (b) 1ImM K2SO4 with 1.42 mM KNO3

at the scan rate of 50 mV/s using a copper as working electrode with a surface area of 1.0 cm?.
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Conversely, the faradic current higher than the non-faradic current was the result of electrochemical
reactions at the electrode surface. Here, the CV developed two peak currents at the forward and
backward scan directions namely, cathodic b and anodic d peak current. In this study, Figure 4.3
(@) and (b) showed the similar CV pattern, but Figure 4.3 (b) showed higher electrolytic current
than Figure 4.3 (a) which was caused by the higher EC of the used electrolytic solution.

On the other hand, Figure 4.3 (b) shows the CV of 1mM K3>SO4 with 1.42 mM KNO3z (EC=440
pS/cm) under the same condition. This CV curve showed two cathodic peak currents at point e and
b”. Accordingly, NOs™ was mainly reduced by the cathodic reduction at the negative potential of -
0.2 V at point e and the reduced species were thought to be stable intermediate byproducts such as
NO2 or NH3 (De et al., 2004). Significantly, at the backward scan direction another recognizable
abrupt increase of anodic current was not observed, except anodic peak current d”, which denotes
that the reduced species such as NO2™ was not re-oxidized to NOs". This phenomenon indicates one
step NOs reduction mechanism such as NOs™ into NO2™ (reaction 1), NO3z™ into NH3 (reaction 2) or
NOs" into N2 following the equation 7 (Thinh et al., 2007):

2NO; + 6H,0 + 106" — N, + 120H- )

4.3.2 Influence of Volumetric Electric Charges and Flow Rates on Conversion of Nitrate to
Nitrite and Ammonia

In this study, a series of electro-reduction experiments were conducted in the synthetic solution
with 1.42 mM of NOs and 1 mM of K»SO4 at an initial pH of about 5.5 (Table 4.1). Figure 4.4 (a)
shows the effect of volumetric electric charges on transformation of NO3z" to NO,  and NH4" at a
constant flow rate of 20 mL/min, which was equivalent to the space velocity (SV) of 1.0 min™.
Here, total nitrogen (TN) indicates the sum of NOs", NO2", and NH4" nitrogen concentration. The
applied electrolytic current ranged from 0.10 to 2.90 A, which were equivalent to the volumetric
electric charges from 300 to 8,700 C/L.

At these volumetric electric charges the main reduced intermediate products were found to be NO2
and NHs* De et al. (2004) also detected similar intermediate nitrogenous compounds, which
coincide with this experimental results. Here, the enhancement of NO3™ reduction with the increase
in volumetric electric charges were observed at 300, 1,500 and 2,700 C/L, where NOs3
concentrations were measured 1.18, 0.92, and 0.71 mM, respectively. This result indicates that
16.9% of the initial NOs™ was reduced at 300 C/L, 35.2% at 1,500 C/L and 50.0% at 2,700 C/L. In
these cases, an increase in the reduction rate of NOz™ at higher electrolytic current was thought to
be reasonable. Since, an electrochemical reduction rate of an element depends on electrolytic
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current under electron transfer-controlled condition. This statement was true for the volumetric
electric charges of 300 to 2,700 C/L, where NO3™ reduction rate increased with the increase in

supplied electric charge that supports with the experimental results of Li et al. (2010).
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Figure 4.4 Effect of (a) Volumetric electric charges, and (b) Flow rates on transformation of NO3"
to NO2™ and NH4* The flow rate was set at 20 mL/min (SV: 1.0 min) for Figure 4.4 (a), and the
volumetric electric charge was fixed at 1,500 C/L for Figure 4.4 (b).

However, NOs™ reduction rate was found to be unchanged from the volumetric electric charges of
2,700 to 8,700 C/L. In these cases, it can be supposed that applied excess electric charges were
consumed for hydrogen evolution at the cathode and hydrogen was adsorbed on the cathode which
affected on NOz™ reduction process. In the case of NO2, it slightly increased with the increase in
volumetric electric charges from 300 C/L to 2,700 C/L, within the range of 0.26-0.31 mM. After
that, it marginally decreased up to the volumetric electric charges of 8,700 C/L, where NO, was
foundto be 0.19 mM. Here, NO2™ concentration gradually decreased with the increase in volumetric
electric charges may be occurred due to the hydrogen evolution, where it could play an important
role in cathodic reduction of NO3z to NO> (De et al., 2000; Polatides et al., 2005; Prashad et al.,
2005). On the other hand, hydrogen evolution did not play any inhibition role in NH4" formation
from NOs". A clear linear relationship between NH4" formation and the volumetric electric charges

was observed at the R? value of 0.934 in Figure 4.4 (a).

The pHs of all treated solutions in the effluent were found to be increased from about 5.5 to 11.5.
This was happened mainly due to the reactions forming hydroxide ions (OH") during the
electrochemical reduction of NOs™ (equations 1 and 2). The high pH along with almost constant TN
concentration of electrolyzed effluent recommends that NOs™ was mainly transformed into NO>
and NHz according to the equations 1 and 2 in the cathode chamber (Chiang et al., 1995; Dash and
Chaudhari, 2005; Li and Liu, 2009; Lin and Wu, 1996).
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Figure 4.4 (b) shows the effect of flow rates on NOs™ removal rate and formation rates of NO2™ and
NH4" at the volumetric electric charge of 1,500 C/L. These experiments were also conducted using
the same synthetic solution in Figure 4.4 (a) (Table 4.1). From Figure 4.4 (b) it is observed that the
NO3 removal rate was linearly increased with the increase in flow rates at the R? value of 0.998.

This phenomenon can be ascribed to the enhancement of the mass transfer processes.

4.3.3 Influence of Chloride lon Concentration on Reduction of Nitrogenous Compounds
Figure 4.5 (a), (b), (c), and (d) show the variation of TN, NOs, NO2", NH4", and chloramines
concentration after electrolysis with the presence of different dozes of NaCl. These experiments
were performed with ImM K2SO4, 1.42 mM NOs’, and varied CI” concentration of 100, 200, 400,
and 800 mg/L, respectively (Table 4.1). In addition, Figure 4.5 (e) and (f) show NHs* and
chloramines concentration in the same effluent at Cl concentration of 400 and 800 mg/L at pH 5,
7, and 9, respectively. The pH of the effluent was adjusted by adding buffer solution of 100 mM
sodium bicarbonate (NaHCO3) with sulfuric acid (H2SO4) (Table 4.1).

It is well known that CI" is converted into active Cl, through an anodic reaction in an electrochemical
cell according to the equation 5. After that, the produced Cl> rapidly hydrolyses to HOCI according
to the equation 6. Next, NHz in water reacts with HOCI and typically formed chloramines, namely
monochloramine (NH2Cl), dichloramine (NHCI.), and trichloramine or nitrogen trichloride (NCls)
depending on the pH, temperature, reaction time, and other surrounding environmental conditions
according to the equations (8-10). And finally, chloramines are oxidized into N2 or N2O according
to the equations 15 and 16 (Kim et al., 2005; Rajeswar and Ibanez, 1997).

NH, + HCIO — NH,CI + H,O (8)
NH,CI + HCIO — NHCI, + H,0 (9)
NHCI, + HCIO — NCl, + H,0 (10)
2NH,C1 — NHCI, + NH, (11)
2NH,CI + HOCI — N, + 3HCI + H,0 (12)
NH,CI + NHCI, — N, + 3HCI (13)
2NHCI, + H,0 — N,O + 4HCl (14)
The above equations can be summarized as follows:

2NH, + 3Cl, — N, + 6HClI (15)
2NH;, + 4Cl, + H,0 — N,O + 8HCl (16)
NH, + 3Cl, — NCl, + 3HCI (17)

From Figure 4.5 (a) and (b) it is observable that, NOs™ was transformed into NO," and NH4" in the
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similar trend. As a result, NH4* and chloramines were accumulated with an increase in volumetric
electric charges due to addition of small amount of CI- concentration of 100 and 200 mg/L,

respectively, but any significance decrease in TN was not observed.

Form Figure 4.5 (c) it is observable that, NH4* formation was enhanced with the increase in
volumetric electric charges in the range of 300 to 2,700 C/L and it gradually decreased over 2,700
C/L. The chloramines concentration were increased gradually with the volumetric electric charges
of 300 to 7,500 C/L, but it decreased at the volumetric electric charge of 8,700 C/L, where TN also

dropped. This result indicates that chloramines were denitrified at 8,700 C/L.
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Figure 4.5 Variation of TN, NOs", NO2", NH4", and chloramines concentration in the effluent at (a)
CI" concentration of 100 mg/L, (b) CI- concentration of 200 mg/L, (c) CI- concentration of 400
mg/L, and (d) CI" concentration of 800 mg/L.

From Figure 4.5 (d) it is observable that, NH4" accumulation rate was enhanced with the increase
in volumetric electric charges in the range of 300 to 1,500 C/L, and it gradually decreased with the
volumetric electric charges over 1,500 C/L. The complete consumption of NH4* was observed at
the volumetric electric charge of 8,700 C/L. The formation of chloramines were increased from the

volumetric electric charges of 300 to 2,700 C/L, and it followed the similar trend like NH4* over
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2,700 C/L. Finally, TN decreased linearly with the increase in volumetric electric charge at the R?
value of 0.978. Here, at the volumetric electric charge of 8,700 C/L, TN was found to be 0.54 mM
that was composed of NO3s", NO2,, NH4*, and chloramines with the concentrations of 0.43, 0.09,

0.01, and 0.01 mM, respectively.

Figure 4.6 (a) and (b) show the NH4" and chloramines concentrations in the effluents at pH 5, 7,
and 9, respectively. This experiment was conducted to observe the effect of pH on break-point
chlorination to remove NH4* and chloramines, where CI- concentration of 400 mg/L was used for
Figure 4.6 (a) and CI" concentration of 800 mg/L was used for Figure 4.6 (b). Here, NH4" and
chloramines concentration were found to be comparatively lower at neutral pH (pH=7) than acidic
(pH<7) and alkaline (pH>7) condition (Figure 4.6 (a)). Likewise, the NH4" and chloramines were
not detected at the volumetric electric charge of 5,100 C/L at pH 7 (Figure 4.6 (b)). But, when the
pH was in alkaline condition, 8,700 C/L was required for the complete consumption of NH4" and
chloramines (Figure 4.5 (d)). He et al. (2015) observed the similar experimental results that supports

the above discussion.
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Figure 4.6 NH4" and chloramines concentration in the same effluent at CI- concentration of 400
mg/L at pH 5, 7, and 9 for (a), and NH4" and chloramines concentration in the same effluent at CI
concentration of 800 mg/L at pH 5, 7, and 9 for (b).

Figure 4.7 (a) and (b) show the variation of NH4" concentration after electrolysis with the synthetic
contaminated source water (Table 4.2), where CI" was not added for Figure 4.7 (a) and CI- was
added for Figure 4.7 (b) at the final concentration of 800 mg/L. Here, the NH4" concentration in
effluent in Figure 4.7 (a) was almost the same as that in the influent. As a result of no addition of
ClI', the production rate of free chlorine was inferred to keep low and the produced chlorines were
consumed by reduced chemicals in synthetic contaminated source water, which constrained the

break-point chlorination. On the contrary, when CI~ of 800 mg/L was added in the synthetic
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contaminated source water, the NH4* concentration in effluent was gradually decreased with the
increasing of volumetric electric charges (Figure 4.7 (b)) through the break-point chlorination
mechanism. Similar results were experienced by Li et al. (2009) and Pletcher and Poorabedi (1979),

which accords with my experimental results.
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Figure 4.7 Variation of NH4" concentration in the effluent at (a) Without addition of CI in the
synthetic contaminated source water, and (b) With the addition of CI" concentration of 800 mg/L in

the synthetic contaminated source water.

Figure 4.8 shows the production of free Cl at different dozes of NaCl without NOs™ addition. From
this figure it is seen that, free Cl, production rate at the CI- concentration of 100, 200, 400, and 800
mg/L was linearly increased with respect to the volumetric electric charges at the R? value of 0.989,
0.958, 0.988, and 0.981, respectively. This results means that the current efficiency for Cl»
production did not depend on the volumetric electric charges. The current efficiency increased with
the rise in CI" from 0.4% for 100 mg-CI/L to 6.1% for 800 mg-CI/L.
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Figure 4.8 Production of free Cl, without addition of NOs™ at different CI- concentration. The test

solution contained 1mM of K>SO as a supporting electrolyte.
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The enhancement of NH3 removal under higher current densities was caused by the increase in
anodic potential, which was favorable to the electrochemical generation of Cl,. Because the
standard potential of the anodic oxidation of CI" (1.36 V vs. SHE) is higher than that of the anodic
oxidation of water (1.23 V vs. SHE) (Ureta-Zanartu and Yanez, 1997). The electrode potential of

anodic oxidation of CI" can be described by the following Nernst’s equation.

2 -
£—po_ R 8l

2F " P, (18)

Where, E is an electrode potential [V], E%is the standard potential [V], R is the gas constant (8.314
J Kt molh), T is an absolute temperature [K], aci- is an activity of CI" [M], and Pciz is the partial
pressure of Cl, [atm.]. Since aci- is positively related to CI~ concentration, an increase in CI°
concentration results in a decrease in E, which can promote the anodic oxidation of CI" into Cl..
Thus, an increase in electric charge and CI” concentration promoted the production of HOCI via the
enhancement of electrochemical generation of free chlorine, which enhanced the oxidization of
NHa.

4.3.4 Effect of Electrochemically Produced Chlorine to Occur Break-point Chlorination on
Ammonia Nitrogen Removal

Figure 4.9 (a), (b), (c), and (d) show the variation of total Cl, free Cl>, and combined Cl
concentration after electrolysis with the presence of different dozes of NaCl (Table 4.1). When CI
is added to water, HOCI is generated via the anodic oxidation of chlorine ions. Since HOCI is a

weak acid, the following chemical equilibrium is established.

HOCI < H* + OCI- (19)

In general, both HOCI and OCI" altogether are known as free chlorine. These two species exist in
an equilibrium condition depending on the pH and temperature. As the pH increases, the ratio of
HOCI to OCI" decreases. Since the pKa of HOCI is 7.5, HOCI is the dominant species below pH
7.5 and OCI" is the dominant species above pH 7.5 (Reger et al., 2010). The stoichiometric weight
ratio of free chlorine as Cl> to NHz as N is 5.1 for NH>Cl formation according to the equation 8.
After NH2ClI formation, NHCI, forms when additional Cl, is added according to the equation 9.
This formation rates depend on pH, temperature, and mixing condition (Chapin, 1929). Similarly,
NClIs forms when additional chlorine reacts with NHCI> following the equation 10. The sum of
combined and free chlorine in a sample is known as total chlorine. Combined chlorine includes
chloramines of NH2CI and NHCI;. Figure 4.9 (a), (b), (c), and (d) show the variation of total Cl,
free Cl, and combined Cl> concentration at the CI" concentration of 100, 200, 400, and 800 mg/L,

respectively, where influent NO3™ concentration in all these experiments were 1.42 mM.
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Figure 4.9 Variation of total Cl», free Cl,, and chloramines in the effluent at (a) CI- concentration
of 100 mg/L, (b) CI" concentration of 200 mg/L, (c) CI- concentration of 400 mg/L, and (d) CI

concentration of 800 mg/L.

From these graphs it is clearly observable that, total Cl> increased linearly with the increase in
volumetric electric charges at the R? value of 0.951 (Figure 4.9 (a)), 0.968 (Figure 4.9 (b)), 0.917
(Figure 4.9 (c)), and 0.981 (Figure 4.9 (d)), respectively. Here, at the CI" concentration of 100 and
200 mg/L free Cl, accumulation was found to be less than that of chloramines. Similarly, at the CI°
concentration of 800 mg/L free Cl, was found to be less than chloramines from the volumetric
electric charges of 300 to 2,700 C/L due to insufficient Cl> production. But, the electric charges
over 2,700 C/L at the CI" concentration of 800 mg/L produced the sufficient amount of Cl, for the
complete ammonia oxidation. As a result, free Cl> was found to be gradually increased and

chloramines gradually decreased over 2,700 C/L.

When Cl, consumption for TN removal was estimated by subtracting the residual free Cl> and 1.5
times of chloramines in Figure 4.9 (c) and (d), and from the produced free Cl, in Figure 4.8, the
relationship between TN removal and Cl, consumption in the case of CI" concentration of 400 and

800 mg/L was plotted in Figure 4.10. The slope of the regression line was found to be 0.783 mM-
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N/mM-Cl., which is equivalent to the molar ratio of Cl, consumption to TN removal of 1.28. Based
on the equations 15 and 16, the theoretical molar ratio of chlorine to NHs is projected to be 1.5 for

N2 evolution and 2 for N2O evolution.
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Figure 4.10 Relationship between TN removal and Cl> consumption at CI™ concentration of 400 and

800 mg/L. The Cl> consumption was corrected by the residual free Cl> and residual chloramines.

In this study, the observed molar ratio for TN removal was found to be slightly smaller than the
theoretical molar ratio, which was due to uncertainty of several factors, such as contact time, water
temperature, concentrations of ammonium and chlorine, and pH of estimation of Cl> consumption
for chloramine accumulation. But, it was close to the theoretical molar ratio for N2 evolution.
Therefore, nitrogenous compound removal pathway in this experiment was inferred to be the N2
evolution following the equation 15. For the complete removal of ammonia, | recommend 5,100
C/L volumetric electric charge with the chloride ion concentration of 800 mg/L at pH 7.

4.3.5 Evaluation of Total Coliform (TC) and General Bacteria (GB) Removal Performances

This experiment was conducted to observe the total coliform (TC) and general bacteria (GB)
removal performances through electrolysis. To conduct this experiment, municipal wastewater in
Ryukoku University was diluted by a 5-time with normal tap water. Then, it was used as influent
for the source of TC and GB. Here, the TC and GB concentration in the influent was found to be
66,200 CFU/mL and 80,800 CFU/mL, respectively. In the electrolysis experiment the
electrochemical flow cell was operated within the volumetric electric charges of 300-8,700 C/L at
the flow rate of 20 mL/min. The effluent volume for each operation was 200 mL. Figure 4.11 (a)
and (b) show the TC and GB removal performances through electrolysis. Here, the TC removal
efficiency was found to be 97.1% at the volumetric electric charge of 300 C/L and 98.9% at the
volumetric electric charge of 1,500 C/L, respectively. The TC and GB removal efficiencies were
found to be 100% at the volumetric electric charges of over 1,500 C/L (Figure 4.11 (a)), almost

100% at any volumetric electric charge in the range of 300-8,700 C/L (Figure 4.11 (b)), respectively.
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Similar results were experienced by Haaken et al. (2014). Therefore, I recommend over 300 C/L

volumetric electric charge for the complete removal of total coliform and general bacteria.
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Figure 4.11 (a) and (b) TC and GB removal performances through electrolysis in the volumetric
electric charges of 300-8,700 C/L at the flow rate of 20 mL/min.

4.4 Conclusion

In this study, a rapid electrochemical removal technique of nitrogenous compounds such as nitrate,
nitrite, and ammonia was demonstrated using a two-compartment electrochemical flow cell with
copper mesh cathode and platinum-coated titanium anode. A cation-exchange membrane was
employed between the compartments for separating anodic and cathodic reactions in the
electrochemical cell. Nitrogenous compounds removal efficiency was evaluated using synthetic
water containing 1.42 mM nitrate with chloride ion concentration of 100-800 mg/L. The effect of
volumetric electric charges, flow rates, and CI° concentrations were examined to find out
appropriate condition to occur break-point chlorination mechanism. The volumetric electric charge
was regulated by changing the electrolytic current. Volumetric electric charges enhanced the
conversion of nitrate into nitrite and ammonia as well as anodic production of chlorine, but it did
not change the current efficiency. Flow rates also enhanced the electrochemical reactions due to the
promotion of mass transfer process. Chloride ion concentration improved the current efficiency of
chlorine production by decreasing the electrode potential for Cl. evolution. As a result, total

nitrogen removal was accelerated via the break-point chlorination mechanism.

However, the current efficiency remained at a low level, a maximum value of 6.1% at the chloride
ion concentration of 800 mg/L. In spite of the low current efficiency, 1.42 mM (NOz-N=20 mg/L)
initial nitrate was decreased to 0.48 mM (NO3z-N=6.78 mg/L) without nitrite and ammonia

accumulation during 1.0 minute contact time for nitrate reduction and 15 seconds contact time for
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chlorine production at the volumetric electric charge of 5,100 C/L and CI" concentration of 800
mg/L at pH 7. As a consequence, this research provided a feasible approach for the rapid removal
of nitrogenous compounds from contaminated water source. Finally, 1 would like to propose 5,100
C/L volumetric electric charge with 800 mg/L chloride ion concentration at pH 7 as an optimum
operational condition for the removal of nitrogenous compounds along with total coliform and

general bacteria.
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Final Conclusion

5.1 Proposed Outline for the Integrated Water Treatment System in Contaminated Source
Water

Considering the specific results of a series of experiments in this research, the following integrated
water treatment system is proposed, which consists of three unit processes, namely, process I
(Active Surface-charge Control Depth Filtration), process 11 (Electrolysis), and process Il (Reverse
Osmosis (RO)), respectively. Figure 5.1 shows the flow diagram of the proposed integrated water

treatment system.
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Figure 5.1 Integrated water treatment system flow diagram. 1; Contaminated source water reservoir,
2; Active surface-charge control depth filtration (Process 1), 3; Effluent reservoir of process I along
with back-washing tank for the Process I, 4; Sodium chloride (NaCl) and buffer solution tank to
adjust the pH for the effluent of process I, 5; Electrolysis (Process Il), 6; Reverse osmosis (RO)
(Process 1ll), 7; Back-flushing tank for the process 111 (NaOH conc.=1,000 mg/L), and 8; Potable

water reservoir.

In this integrated system, | set active surface-charge control depth filtration at the first step. Then,

electrolysis and RO are applied in parallel. The causes of such an arrangement are explained here:
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In this integrated system, RO is the core technology for water purification. Since RO membrane is
a very sensitive and sophisticated technology and the fouling is a main problem in RO operation.
As a result, to protect the RO membrane from organic and inorganic fouling materials such as
various suspended solids (SS) and colloids like iron (Fe) colloids, active surface-charge control
depth filtration was used in the first step. Although active surface-charge control depth filtration is
good for the removal of organic and inorganic particles, it cannot remove microorganisms like total
coliform (TC) and general bacteria (GB) very much, which cause biofouling in RO membrane.
Moreover, RO membrane shows lower performance for removing many nitrogenous compounds
such as ammonia (NHz). As a result, to remove the microorganisms along with NHs, electrolysis
was applied to the effluent from the Process I. In this system, the active surface-charge control depth
filtration was installed prior to electrolysis to protect the electrochemical cell from various organic
and inorganic particles that may hinder electrochemical reactions in process Il through the
deposition onto the electrodes. Finally, the RO was used at the end of this system for complete
removal of physical, chemical, and biological contaminants to get a high quality potable water. The
water quality parameters expected after RO treatment are shown in Table 5.1, when the RO
membrane unit is operated at the permeate flux of 19.9 L m* h! with the transmembrane pressure

(TMP) of 414 kPa. The water recovery (Rw) rate was calculated using the following equations:

1
R

Water recovery (Rw) % = (1 - ) x100 =1- x 100 = 80.8 %

EC(Z,OOO mg/L NaCl) ~ EC(528 mg/L NaCl)

Here, R = Concentration ratio = EC
in (NaCl conc.=52.1 mg/L)

Here, EC 3 000 mg/L nacty = Maximum sodium chloride conc. in feed water (Dow Filmtec.)

EC = Electrical Conductivity

. (4,400.0 — 1,161.6) uS/cm
Here, R = Concentration = =52
620.0 uS/cm

Final NaCl conc.= Ay,ci mgiy + Cin naci mgiy < R =800 mg/L

=(528.0 + 52.1 x 5.2) mg/L = 798 mg/L ~ 800 mg/L
Here, Ay,c; = Sodium chloride (NaCl) addition

And, C;, naci = Source water sodium chloride (NaCl) conc.

ECNaCI (uS/em)

Here, Anaci mgi) =
a
ECNaCI (2,000 mg/L)

NaCl Conc. 2,000 mg/L

4,400
o= ———— =22
2,000

ECnacl (usfem) = Anaci (mgiy < @ = 528.0 x 2.2 =1,161.6 pS/cm
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Moreover, 5 minutes back-washing time is proposed for process | after every 50-m3® m2 water
production at the back-washing hydraulic loading of 1.27 m® m? min’. This means that the water
recovery in Process | is 87.3%. The proposed back-washing frequency for the RO elements and
water consumption by 5-times back-washing are calculated to be 138 L/d (=19.9 L m? h't x 0.29
m? element? x 23.92 h/d) and 5.5 L (=1.1 L min"* x 5 min), respectively, 4.0% of produced water
is consumed for back-washing in process I11. Consequently, the water recovery of the whole system
IS expected to be 67.7% (=0.873 x 0.808 x (1-0.04)).

Table 5.1 Water quality parameters after RO treatment.

SI. No.  Parameters Initial contamination \Iévgtfrregrnigx after Z?;izgergzaéir\?vulil(i)ty
01. Suspended solids (SS) 16 ~ 100 (mg/L) 0.0 (mg/L) 0.0 (mg/L)
02. Turbidity 36 ~ 197 (mg/L-kaolin) 0.0 ~ 1.0 (mg/L-kaolin) < 1.0 (mg/L-kaolin)
03. Color 140 ~ 190 (Pt-Co) 2 ~3 (Pt-Co) < 1.0 (Pt-Co)
04. Iron (Fe2*) 7.3~9.2 (mg/L) 0.1~0.2 (mg/L) < 0.5 (mg/L)
05. Manganese (Mn2+) 5.1~6.5(mg/L) 0.2 (mg/L) <0.5 (mg/L)
06. Nitrite nitrogen (NO,-N) 8.9 ~12.6 (mg/L) 0.0 (mg/L) < 1.0 (mg/L)
07. Nitrate nitrogen (NO;-N) 14.9 ~ 18.6 (mg/L) 6.78 (mg/L) <10.0 (mg/L)
08. Ammonium nitrogen (NH,*-N) 2.4 ~3.8 (mg/L) 0.0 (mg/L) < 0.5 (mg/L)
09. Biochemical oxygen demand (BOD)  48.8 ~ 75.5 (mg/L) 0.0 ~ 1.0 (mg/L) <1.0 (mg/L)
10. Chemical oxygen demand (COD) 88.6 ~ 127.9 (mg/L) 0.0 ~ 1.0 (mg/L) <1.0 (mg/L)
11. Total coliform (TC) 29,333 ~ 122,000 (CFU/mL) 0.0 (CFU/mL) 0.0 (CFU/mL)
12. General bacteria (GB) 80,800 (CFU/mL) 0.0 (CFU/mL) 0.0 (CFU/mL)

All the parameters are found to be below the acceptable level of potable water quality, which satisfy
the potable water quality standards recommended by the world health organization (WHO). As a

result, this integrated system can be used for the practical purpose in the water contaminated areas.
5.2 Energy Consumption Calculation of Each Process Based on the Experimental Conditions
Table 5.2 and 5.3 shows the operational conditions and energy cost of each process, respectively.

The energy cost for feed pump operation in process | and Il is not included in Table 5.3.

Table 5.2 Operational conditions of process I, 11, and I1.

Process | Process Il Process 111

Pressure boost pump 24 VAC (CPD6800,
Aquatec, USA)=0.53 amps.

Filtration terminal voltage= +1.0 V. Volumetric electric charge=5,100 C/L.

\Voltage at 5,100 C/L volumetric electric

charge=10.0 V. Operating pressure=414 kPa.

Back-washing terminal voltage= -1.0 V.

Filtration hydraulic loading=283 (L m2 min- ) Permeate flow rate=94.6 (mL/min) (36
1. GPD).

Back-washing hydraulic loading=1274 (L ) Back-washing flow rate=1,100 (mL/min)
m2 min-l). with 20 kPa.

This energy consumption was calculated based on 1-m? water production in each process separately.
75



Chapter V

The water production energy cost for process I, Process Il, and process Il were found to be 0.0
USD, 2.59 USD, and 0.35 USD, respectively, flowing the Japanese energy charge rate,
1kWh=19.52 Yen and 1 Yen=0.009366 USD. The overall cost for the potable water production was
found to be 2.94 USD/m?3. Here, the energy cost for process | was zero, because the applied terminal

voltage +1.0 V did not show any current consumption.

Table 5.3 Energy cost per cubic meter water production in process I, 11, and I1.

Energy cost per cubic meter water production in each process

Total energy cost per cubic

Active Surface-charge Control Depth Filtration Electrolysis Reverse Osmosis (RO)| meter potable water production
(Process 1) (Process I1) (Process I1)
0.0 (USD) 2.59 (USD) 0.35 (USD) 2.94 (USD)

5.3 Advantages of the Proposed Integrated System

The proposed system has a high quality potable water production capability at the minimum cost
of 2.94 USD/m3 except pumping cost at the water recovery of 67.7%. Long operational life-time
with environment friendly, and comparatively less manpower would be needed for operation and

maintenance.

5.4 Disadvantages of the Proposed Integrated System
Buffer solution chemicals like sodium bicarbonate (NaHCO3) and sulfuric acid (H2SO4) will be
necessary to control the feed water pH of process 1. Sodium hydroxide (NaOH) will be needed for

the back-washing in process Il1.

5.5 Recommendations for the Future Research

In this study, the water quality parameters of the three unit process were examined and demonstrated
separately in the laboratory scale. As a result, a pilot study is recommended in the field level
combining the three unit process into integrated system as a unit process for commercial

application.
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