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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, I 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 I of this thesis I 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, NO3-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 NHs". 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, I 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 II, 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
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should be introduced prior to the RO process. Hence, I discussed the depth filtration with surface-
charge control of depth filter in Chapter III for the removal of organic aggregates and Fe colloids.
A conducting carbon fiber felt made from polyacrylonitrile fibers 5.3 pm 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
(FeS04.7H20) 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
m™ 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, I 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 III. 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 1V, 1
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 (KNO3) and
sodium chloride (NaCl) were used for the sources of nitrate and chloride at the final concentration
of 1.42 mM for KNO3 (NO3™-N=20 mg/L) and 329.68-1318.72 mg/L for NaCl (C1=100-800 mg/L).
I 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 (Cly) 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 (NO;™-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, I 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.
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