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Water Problems

Water Shortage Water Pollution

e 3.4 Million people die each year from water, sanitation, and hygiene-related causes.
e 780 Million people suffer from lack access to clean water.

e Climate change and emerging contaminants are new challenges that aggravate
the water problems



World Water Supply

97.50% salt water in the oceans
01.72% ice caps and glaciers
00.77% groundwater

00.01% surface water

. Water in, on, and above the Earth
v

3 Liquid fresh water Howar Beckman; LSS>
= Jack Cook, Adam Nieman

- . Freshwater lakes and rivers Data: Igor Shiklomanov, 1993




Hydrologic Cycle

v Hydrologic cycle: the cyclic movement of water through the environment

Hydrologic Cycle

Precipitation

. hotolysis “4543
ﬂ (kcwud Storage

A

Transpiration

- g yt'edi ion Distillation

Evaporation

N g

V() (] ¢

3 “; 1;;‘-’:.4*. ,}’

 Ground Water

e Nations have boundaries but water has no boundaries!
e Water treatment engineering mimics natural cleaning processes!
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Water Pollutants (Contaminants)

\ 8 classes of water pollutants of interest
1. Pathogens

Nutrients

Salts

Thermal Pollution
Heavy Metals
Pesticides

Volatile Organic Compounds (VOCSs)

© N o 0 b WD

Oxygen Demanding Waste



Common Water Pollutants

In developing nations, 80% of diseases are water-related.
v Pathogens
 Chemical pollutants (organic & inorganic)

v Thermal discharges (e.g., power plant coolant)



Pathogens

\ Types:

e Bacteria
e Viruses
e Protozoa
e Algae

e Helminth

e.g., salmonella, campylobacter, Vibrio cholerae,
Vibrio sp., shigella, pathogenic Escherichia coli
& so many others



Chemical Pollutants

\ Types:
e Petroleum products
e Detergents
e Pesticides, insecticides, herbicides
e Volatile organic compounds (VOCs)
e Disinfection byproducts (DBPs)

e Radioactive substances

o Fertilizer 2 2 .2
Jg J Jg‘ ‘J
e Heavy metals A% e P
Js ‘J ,)9 ‘J
Js Jg
& so many other forms $° $°
PFOS ®%  rros ¢

\ Sources:

e Industrial wastewater, municipal wastewater,
stormwater runoff, accidental spills ...



Algal Toxins and Taste and Odor Compounds

Geosmin

g I,OH
Microcystins, Geosmin, 2-MIB...

2-Methylisoborneol


http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj03oPGs_fLAhWGkZQKHVc_AFkQjRwIBw&url=http://www.ohmynews.com/NWS_Web/View/at_pg.aspx?CNTN_CD=A0001769330&bvm=bv.118443451,d.dGY&psig=AFQjCNH1psEPjlyINgQjlSYTwZnrM2HdqQ&ust=1459942436094517
http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjjsbr-s_fLAhWEW5QKHZHMBlsQjRwIBw&url=http://www.wecklabs.com/Company/SocialNetworking/News/tabid/59/EntryId/48/Determination-of-Taste-Odor-Causing-Compounds-Geosmin-and-MIB-in-Water.aspx&bvm=bv.118443451,d.dGY&psig=AFQjCNHwLK0tn3eh7VRuSqV3HguqEBkuKQ&ust=1459942552354818

Thermal Discharges

Cold Water
Building a dam results in
very cold water released

Downstream killing _ on disch
organisms and changing Potrero Generating Station discharges

species heated water into San Francisco Bay

Hot Water


http://en.wikipedia.org/wiki/File:Unit_3_-_Potrero_Power_Plant.jpg

Evolution of Technologies
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« Coagulation-Flocculation- *  Membrane Filtration

Sedimentation « Advanced Oxidation
 Granular Filtration Process
* Chlorine Disinfection « UV Disinfection

« Activated Sludge Process « Membrane-Bioreactor




Where is Water Treatment Needed

Runoff Drinking

water

b"u‘ug Ly
= N/ s

71> waste

Industry\ A
Ultrapure water

production plant

Groundwater I
remediation system Treatment system



Water Treatment

\ Water cleaning process = purification = decontamination...

e Decomposition: biodegradation, (photo)chemical degradation
e [solation: physical process (adsorption, immobilization, filtration...)

e Dilution: rainwater



Water Treatment

: Removal of contaminants from untreated water to produce clean water
enough for its intended use

v Drinking Water Treatment

\ Wastewater (Industrial or Municipal) Treatment

v Groundwater Treatment

v Desalination

v Production of Ultrapure Water



Drinking Water Treatment Process
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Coagulation/Flocculation/Sedimentation

coaqulant \Wcoagulant forms precipitate and
adgded {2 precipitate, trapped impurities
s trapping impurities settle to bottom
A
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Coagulation/Flocculation/Sedimentation
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Granular (Sand) Filtration
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Advanced Water Treatment Process
[0zonation/Activated Carbon Process)

A Activated Carbon Adsorption



Disinfection (Chiorination) / Distribution

A Disinfection Basin (using chlorine) & Distribution Pipelines
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Water Leakage




Wastewater Treatment Process

vated Sludge Process)

(1) Pretreatment: grit chamber & bar screen, removal of all big objects
(2) Primary treatment:. primary clarifier, settling small particles
(3) Secondary treatment: aerobic microbial digestion chamber, secondary clarifier
(4) Tertiary Treatment: nitrogen and phosphorus removal

(nitrification and denitrification, PAOs or chemical precipitation)
(5) Disinfection: inactivating pathogens (UV or chlorine)

= e e R T
Sewerage 1 | I I I

system
Aeration
Coarse (2) lanks (3)
screens
o Reded st
» agricultural and
Class BIC landscape reuse
§ (1) (4)
creening 2
and grit Raw W |
for disposal Sludge Tertiary
8 R treatment
i Indirect potable
Disinfeciion (drinking) reuse
with chiorine (5) Flitration
- & Wastewater _ and/or ultra Recycled Industrial and
sludge for Anaerobic violet (UV) light water domestic reuse
processing digestion Class A (non drinking)
Agricultural

reuse



Wastewater Treatment Process
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A Pleasant Grove Wastewater Treatment Plant, CA



Pretreatment

Screen Type  Description

Trash Rack Designed to prevent logs, timbers,
stumps, and other large debris from
entering treatment processes.
Opening size: 38 to 150 mm (1.5-6 in)

{ Manually Designed to remove large solids, rags,
[ A Cleaned Bar and debris.
ol Screen Opening size: 30 to 50 mm (1 to 2 in)

Bars set at 30 to 45 degrees from
vertical to facilitate cleaning.
Primarily used in older or smaller
treatment facilities, or in bypass
channels.

Mechanically Designed to remove large solids, rags,

Cleaned Bar and debris.

Screen Opening size: 6 to 38 mm (0.25t0 1.5
in).
Bars set at 0 to 30 degrees from
vertical.
Almost always used in new
installations because of large number
of advantages relative to other
screens.

A Pretreatment: grit chamber & bar screen, removal of all big objects



Primary and Secondary (main) Treatment

Return
activated
sludge

A Primary clarifier (sedimentation basin)
. settling tank

A Secondary clarifier
(sedimentation basin)



Tertiary Treatment

V Nitrogen removal

e Nitrification (oxidation)

NH; + CO, + 1.5 O, + Nitrosomonas — NO, + H,0O + H*
NO, + CO, + 0.5 O, + Nitrobacter — NO;

NH; + O, — NO,™ + 3H* + 2e~

NO,™ + H,O — NO;™ + 2H* + 2e-

¢ Denitrification (reduction)

2NO,~ + 10e™ + 12H* — N, + 6 H,O

\ Phosphorus removal

Using bacteria, PAOs (polyphosphate accumulating organisms)
or chemical precipitation by iron and aluminum salts



UV Disinfection

Violet  Visible  Red

Cosmic Gamma i
X-Rays Ultraviolat
Rays Rays ‘

e

A UV disinfection reactor

A DNA damage by UV light



Groundwater Remediation (Treatment)

Bioremediation
v Characteristics T

e Takes long time, hard to operate
e Closely related to soil remediation

gatbon
Dioxide

Oxygen and
nutrients

\ Classification

. A Bioremediation
e |In situ treatment

e EX situ treatment o — I

e Bioremediation

e Phytoremediation

e Chemical treatment
& others

A Chemical treatment



Groundwater Remediation (Treatment)
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A ZVIreactive barrier (ZVI:

zero-valent iron)

f t vapors

§

tree roots take ‘
in water and
contamination
from the ground

«—water enters tree
where contamination
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contaminated clean
soil soil
water
table
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A Phytoremediation



Desalination Pr OCESS

o Outfall
Dechlorination _
« DABF : Dissolved Air floatation _ Antiscalant SWRO
with Ball Filter UF (6 units) Fsp (402 mé/h)
* SSP : Seawater Supply Pump | |
* DMF : Dual Media Filter
« UF : Ultra Filtration Tank
« FSP : Filtered water Supply Pump HP
« HP : High Pressure Pump (834 m3/h)
Dechlorination SWRO
< (1608 m3/h)
Seawater intake SsP Antiscalant —
[ (890 m3/h) DME Dual Work
(6 units) Exchanger
H o | o Booster pump
|85 (1728 m3/h)
Chlorine DABF sSSP
(NaOCl) (3 units) (3240 md/h)
Coagulant Cartridoe filt
FeCl artridge filter
(FeCl) (3 units) HP

(1608 m3/h)

* Capacity : 45,460 m3/day
* TDS < 250 ppm
* Boron <1 ppm

Permeate tank

BWRO MP
(974 m3/h) (1070 m¥h)  antiscalant

A Process flow diagram

for the Gijang desalination plant
Remin. system



Ultrapure Water Production Process

Dual Filtration j BanmUV |

] 254 nm UV

(5 mucron)
i (Dismlodion)[ SR
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Electro
Deionization (EDI)
Degasifiers

T 18SamuUv |

Tap water = | (TOC Reduction)

(Aquafine Co.)

= Ultrapure
water
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Membrane Filtration

Particles
Sediment
Algae
Protozoa
Bacteria

Microfiltration
0.1-um pores

Ultrafiltration
0.01-um pores

IN\NY

Small colloids
Viruses

0sSmosis
A

-

Nanofiltration
0.001-um pores

Dissolved organic matter
Divalent ions (Ca®* , Mg®*)

Reverse osmosis
Nonporous

Monovalent species (Na* , CI")

I.\. [

Water



Membrane Structure

Feed water
l Active layer
(narrow pore range,
t .T-;wﬁ‘i‘fﬁﬂwmﬁm N, o / low porosity, small
) Fﬂﬁ‘l‘q‘t it li\] 1) :} Frﬁﬂ""“'%i,ﬁ,r void dimensions)
6 6 itaé i.ﬁ[‘

[ Support layer

/b// ) l _____\ (high porosity, large

void dimesions)

Permeate

Structure of an asymmetric UF
membrane.



vV PRESSURE-VESSEL CONFIGURATION (J}¢

Pressure
vessel
shell

Hollow
fibers

Epoxy
resin
plug

Retentate

Permeate

Feed water

Membrane Module COfiQUI' ation

Pressure-vessel
configuration for
membrane filtration:

(a) schematic of a single
cross-flow membrane
module and (b)
photograph (courtesy

of US Filter Memcor
Products).
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Full-scale membrane
filtration facility using the
pressure-vessel
configuration.




Membrane Module Configuration

Treated water withdrawn

by vacuum Permeate

collection
manifold

v SUBMERGED
CONFIGURATION
(& X&)

Water
level

Submerged configurations
for membrane filtration: (a)
schematic of a submerged
membrane module and (b)
photograph of a single
module. (© 2011 General
Electric Company. All
rights reserved. Reprinted
(@) (b) with permission.)

Submerged
: = membrane
Influent o= modules

water >

pipe
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i £ L‘\ Feed-andbleed and

Overflow  Semibatch modes of

trough operation. In feed-and-bleed,
Qp and Qy are both

Qw continuous, the sum of the

\> two flows equals Q. In

semibatch, Qp is continuous
and equal to Qf, Qy only

Waste flows when solids are bein
(a) stream (b) wasted. .




Transmembrane pressure

A

Membrane Fouling

Operation at a constant flux

Maximum Backwash
Chemical

cleaning

allowable
-/ pressure i

Specific flux, L/m2-h-bar

Time

Transmembrane pressure
development during
membrane filtration.

2505' 71 Operation at a constant pressure

200 E— —; «

150 :\E‘}.\.‘ —

o \\\\\\\\\\\\\\\\\\ WY

50 [ -

oL N IR R R RI = Fouling of a membrane filter during
0 500 1000 1500 2000 filtration of natural water.

Specific volume, L/m?



Membrane Fouling

Particle blocking pore

. Q @
. l Particle at surface
e

Plugged pore

/Cake layer

Colloidal matter
constricting pores

"W m%aa C& (W

(a) Pores (b) (c)

Mechanisms for fouling in membrane filtration: (a) Pore blocking, (b) pore constriction, and (c) cake layer formation.



Specific flux

Reversibility of Fouling

Backwash

a CTININN Chemical It N B

Permanant flux loss (irreversible fouling)

cleaning

Hydraulically reversible fouling

Time or volume of water filtered

Variation in specific flux during filtration of natural waters. The loss of
specific flux from the initial clean membrane permeability, which cannot
be recovered by backwashing or cleaning, is called irreversible fouling;
that which can be recovered is called reversible fouling.

>



What is “Advanced Oxidation Process” ?

AOP (or AOT): Water treatment process (or technology) utilizing
hydroxyl radical (*OH), a nonselective oxidizing radical species

Organic
Pollutants

4 ™
Final

Products
1 Yy

Catalyst / Energy J ‘ ntermediate

Precursors




Oxidants for water treatment

*OH (E°(*OH/OH") = +2.8 V\e; lered.)

O; (E%(O4/0,) = +2.08 Vye: 2e red.)

H,0, (E9(H,0,/2H,0) = +1.776 Vc; 2e red.)

Fe(VI) (EO(Fe(VI)/Fe(lll)) = +2.20 — 0.7 Ve, 3€ red.)

Reactivity

Cl, (E9(CI,/2CI")+1.48 — 0.84 Ve; 2e red.)

ClO, (E%(CIO,/CIO,") = +1.04 V\e: lered.)

Standard Redox Potential (V"*LE)

O, (E°(O,/2H,0) = +0.695 V,,c: 2e red.)



Applications of AOPs

GO0

. Drinking water treatment

(e.g., ozonation, UV/H,0,)

. Wastewater treatment

(e.g., Fenton processes, ozonation)

. Groundwater remediation

(e.g., Fenton process, ozonation,
inorganic oxidants w/ or w/o
catalysts)

. Disinfection and biofilm control

(e.g., ozonation, photocatalysts)

. Production of ultrapure water

(e.g., VUV)

. Sludge pretreatment



Ozone generator

SS electrode

+O3

( r—

Dielectric tube

Ozone generation

I

Cooling water

Corona discharge

Firstly, ozone was synthetically discovered
through the electrolysis of

sulfuric acid. Ozone can be produced
Several ways, although one method,
Corona discharge, predominates in
Ozone generation industry

Corona discharge consists of passing an
oxygen-containing gas through two electrodes
separated by dielectric and a discharge gap.
These electrons provide the energy to
disassociate the oxygen molecules, leading to
the formation of ozone



Chemistry of ozonation process

Staehelln and Hoigne, 1985

| ; (Environ. Sci. Technol.)
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Fenton process

4 Fenton reaction

Fe(ll) + H,0, — Fe(lll) + *OH + OH-
(fast)

Fe(lll) + H,O0, — Fe(ll) + HO,* + H*

(slow)

Fe(lll) + H,O + /v — Fe(ll) + *OH + H*
“Photo-Fenton”
Fe(lll) + e~ — Fe(ll)
“Electro—Fenton”



Source: Prof. Y. H. Huang from NCKU, Taiwan



Heterogeneous Fenton process using FBR
e

L

Source: Prof. Y. H. Huang from NCKU, Taiwan



Full-scale Fenton process using FBR
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UV/H,O, System

H,O, + Av —» 2 *OH
(<300 nm)

H,O, + hv < [HO®* + *OH] — 2°OH

Solvent cage

Primary quantum yield: 0.5
Overall quantum yield for *OH: 0.5 x 2 = 1

Subsequent reactions *OH + H,O0, — HO,s +H,0
2HO,» »> H,0, + O,
2°OH —> H202



UV/H,O, Reactor

Main components:

- UV lamp

- Quartz sleeve

- Wiper for mechanical cleaning of quartz
sleeves to protect against fouling

- UV sensor to control UV output

- Power supply

UV lamp quartz sleeve water in

UV sensor

= ) o
Ay AP

| i
v powes sipplies autsids Source: Ozonia Co. (Aquaray® H,0)

water out wiper reactor In separate cabinet

i@itutknal fow system

A Longitudinal flow system A Cross flow system
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Principles of semiconductor photocatalysis

“ \ \Water contact Hydroxyl Hydrogen
q anion (OH) gas (H2)
W | + QO

. Energy production

Water (H,O)

CB

N
1

Bandgapi
Energy
(E=hv)

Organic pollutants

- Water treatment

Hydroxyl

Water contact

Water (H,0) radical (*OH) d i N i |
H,O CO,



Application of semiconductor photocatalysis

Air purification (Trojan Technologies) Deordoriser (NHKspring co)

Water purification (Purifics Water purification (Photox Bradford )
environmental technologies Inc)

Source: Prof. W. Choi from POSTECH



