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Chapter |
Industry and Water Use

1.1 Introduction. Water consumption statistics

The data on water consumption in the world is provided by the United Nations

(UN, UNESCO, and FAO, see list of publications below).

Worldwide, agriculture accounts for 70% of all water consumption, com-
pared to 20% for industry and 10% for domestic use. In industrialized nations,
however, industries consume more than half of the water available for human use.
Belgium, for example, uses 80% of the water available for industry.

Freshwater withdrawals have tripled over the last 50 years. Demand for fresh-
water is increasing by 64 billion cubic meters a year (1 cubic meter = 1,000 liters)
» The world’s population is growing by roughly 80 million people each year.

* Changes in lifestyles and eating habits in recent years are requiring more wa-
ter consumption per capita.

* The production of biofuels has also increased sharply in recent years, with
significant impact on water demand. Between 1,000 and 4,000 litres of water
are needed to produce a single litre of biofuel.

* Energy demand is also accelerating, with corresponding implications for wa-
ter demand.

Almost 80% of diseases in so called “developing” countries are associated with
water, causing some three million early deaths. For example, 5,000 children die
every day from diarrhea, or one every 17 seconds.

The three types of water withdrawal are distinguished: agricultural, munic-
ipal (including domestic), and industrial water withdrawal. A fourth type of an-
thropogenic water use is the water that evaporates from artificial lakes or reser-
voirs associated with dams. Information on evaporation from artificial lakes will
be available in the AQUASTAT database in the near future.

At global level, the withdrawal ratios are 70% agricultural, 11% municipal
and 19% industrial. These numbers, however, are biased strongly by the few
countries which have very high water withdrawals. Averaging the ratios of each
individual country, we find that “for any given country” these ratios are 59, 23
and 18% respectively. (See Figure 1.1)
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Figure 1.1 Global withdrawal ratios level and averaging the ratios (Adapted from AQUASTAT)

The ratios also vary much between regions, going from 91, 7 and 2% for ag-
ricultural, municipal and industrial water withdrawal respectively in South Asia
to 8, 16 and 77% respectively in Western Europe. For more details about water
withdrawal by region, please see Table 1.1.

For Africa, Asia, Latin America and the Caribbean, AQUASTAT obtains wa-
ter withdrawal values from ministries or other governmental agencies at a coun-
try level, although some data gaps are filled from UN Data. For Europe and for
Northern America, Japan, Australia and New Zealand, Eurostat and OECD are
valuable sources of information, and also used to fill data gaps. Links to these
organizations are provided below:

1.2 Water balance

The amount of precipitation falling on land is almost 110,000 km3 per year. Almost
two-thirds of this amount evaporate from the ground or transpire from vegetation
(forest, rangeland, cropland). The remaining 40,000 km3 per year is converted
to surface runoff (feeding rivers and lakes) and groundwater (feeding aquifers).
These are called renewable freshwater resources. Part of this water is being re-
moved from these rivers or aquifers by installing infrastructure. This removal of
water is called water withdrawal. Most of the withdrawn water is returned to the



Table 1.1 Water withdrawal by sector, around 2007 (Adapted from “Aquastat” http://www.fao.
org/nr/aquastat/ Update: September 2014)

Continent Total withdrawal by sector Total** Total Freshwater
Regions water freshwater | withdrawal
Municipal Industrial Agricultural | Withdrawal | withdrawal | as % of
IRWR
km3/year | % | km3/year | % | km3/year | % | km3/year | km3/year %
1 2 3 4 5 6 7 8 9 10
World 462 12 734 19 | 2,722 69 3,918 3,763 9
Africa 27 13 11 5 174 82 213 199 5
Americas 130 15 288 34 430 51 847 843 4
Northern 86 14 259 43 259 43 604 600 10
America
Northern 744 |14 2522 |48 1972 | 38 523.8 5204 9.2
America
Mexico 114 |14 7.3 9 616 |77 80.3 79.5 19.4
Southern 36 17 26 12 154 71 216 216 2
America
Guyana 0.1 5 0.2 8 1.8 | 87 2.1 2.1 0.6
Brazil 172 |23 12.7 17 449 | 60 74.8 74.8 1.3
Asia 228 9 244 10 | 2,035 81 2,507 2,373 20
Middle East 25 9 20 7 231 84 276 268 55
Arabian 40 |12 0.9 3 29.5 | 86 343 30.1 493
Peninsula
Near East 13.6 |10 15.0 11 1033 | 78 131.8 128.0 46.3
Central Asia 7 5 10 7 128 89 145 136 56
South Asia 70.2 7 20.0 912.8 | 91 1003.1 889.6 46.0
East Asia 925 |14 1488 | 22 4354 | 64 676.8 673.2 19.7
Europe 72 22 188 57 73 22 333 332 5
Northern Europe 27 |33 4.0 50 13 | 16 8.0 8.0 1.0
Western Europe 228 |23 723 | 73 4.6 5 99.7 99.0 15.9
Central Europe 9.7 |25 257 | 66 38 |10 39.2 39.1 15.7
Mediterranean 17.6 |19 26.1 28 48.0 | 52 91.7 90.8 21.5
Europe
Eastern Europe 63 |22 20.6 72 1.7 6 28.6 28.5 20.9
Russian 134 (20 39.6 | 60 132 |20 66.2 66.2 1.5
Federation
Oceania
Australia and 5 26 3 15 11 60 18 17 2
New Zealand
Other Pacific 0.03 |33 0.01 | 11 0.05 | 56 0.1 0.1 0.1
Islands

** Includes use of desalinated water, direct use of treated municipal wastewater and direct use of agricultural drain-

age water




environment some period of time later, after it has been used. The quality of the
returned water may be less than the quality when it was originally removed.

There is an increasing recognition in industry that the reduction of water
consumption and wastewater discharge is a necessary component of good en-
vironmental practice. In reality, there has been no tradition of reducing water
consumption, and existing plants were not designed with water conservation in
mind. Furthermore, accounting systems are designed to determine the cost of
producing chemicals and raw materials and cannot easily be adapted to measur-
ing the true cost of using water. It is very unlikely that complete water manage-
ment schemes will be introduced for existing plants, although partial schemes
may be attractive. Major schemes will be limited by the cost of installing long
pipe runs, storage tanks and pumps, but good payback may be achieved if prod-
uct or raw materials can be recovered for recycling or for sale. The need to
build new effluent treatment facilities, together with further restrictions on the
discharge of specific pollutants, may justify expenditure to reduce water con-
sumption. If existing plants are to maintain their licence to operate in the next
century, the case for investment in water management schemes will inevitably
become more and more attractive.

1.3 Water value and quality

As a unique natural resource, the real value of water has been underestimated in
many countries. The price of water has been kept artificially low, which has not
stimulated people or industries to save on it. At the same time, there is a growing
awareness of the impact of pollution on water quality and a demand to tighten
water quality standards. Due to modern-day sophisticated analytical methods and
equipment, several rather new contaminants in drinking water have been discov-
ered, even if in very small concentrations. The public is more aware than ever
before and is demanding safe drinking water.

Water quality is not synonymous with water pollution and, similarly, water
quality management should not be equated with water pollution control only.
Water quality management deals with all aspects of water quality problems re-
lating to the many beneficial uses of water, while water pollution control usually
connotes adequate treatment and disposal of wastewater.

For new industrial plants, it is relatively easy to incorporate water manage-
ment philosophy at the design stage, given that the technical uncertainties can
be overcome. The incremental cost of modifying the process may be compared
with savings in long-term operational and capital costs associated with an effluent



treatment facility, as well as with an assessment of the ability of the plant to meet
future environmental legislation.

For existing plants, the potential benefits of reducing water consumption may
be offset by the costs associated with the installation of storage tanks and long
pipe runs. Modifications to plant pipe work and supporting steelwork may be ex-
pensive and difficult to manage and there is a natural reluctance to interfere with
existing plant battery units. In these circumstances, and in the absence of clear
information about the direction and timing of future environmental legislation,
the appeal of a stand-alone effluent treatment plant is obvious.

1.4 Water consumption

Water uses consist of intake, on-site and in-stream flow uses. Intake uses include
water for domestic, agricultural and industrial purposes and uses that actually
remove water from the source. On-site uses consist primarily of water consumed
by swamps, wetlands, evaporation from water bodies, natural vegetation and un-
irrigated crops and wildlife. Finally, flow uses include water for estuaries, naviga-
tion, wastewater dilution, hydroelectric power production, and fish, wildlife and
recreation purposes.
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Table 1.2. Water consumption distribution (in %) in the world (Antilla et al., 1996)

Branch of economy USA China Zambia Finland Estonia
Agriculture 42 87 26 3 9
Industry 46 7 11 85 84
Municipality 12 6 13 12 7

Intake water can be measured in two ways: by the amount withdrawn and the
amount consumed. In 1975 projected uses for the world and real withdrawal are
presented in Figure 1.2 and real consumption in some countries in 1990 in Table 1.2.

Worldwide water consumption at the present time is estimated at 4,340 km?3/
year (surface and groundwater together). More than half of this water is used in
agriculture, about a quarter in industry and a quarter for use in municipalities and
rural areas. The worldwide consumption however varies considerably between
regions, depending on the intensity of agriculture in relation to the humidity of
the climate, on the industrialisation level and on the type of industry prevailing.
In the Baltic basin industrial water use dominates the consumption. This is espe-
cially true for the regions where paper and pulp industry, as well as metallurgic
and other water- intensive industry, are important. Note the high%ages for Fin-
land and Estonia in Table 1.2. Similar figures are valid for Sweden, whereas in
Poland, e.g., where agriculture is important and water not as plentiful as in the
northern part of the basin, industrial water use is less dominating. The figures
given for USA are representative for a region with highly developed industry
but with intensive agriculture under dry conditions, whereas China represents an
agriculturally dominated region with less developed industry.

Water withdrawn is water diverted from its natural course for a beneficial
use. Water consumed is water that is incorporated into a product or lost to the
atmosphere by evapotranspiration and thus not reusable. Consumptive use is the
real indicator of water demand, inasmuch as most non-consumptive water can
be, or in fact is, reused. It should be noted that water reuse is not a new concept.

The investigation and management of water resources systems for water
quality must include consideration and evaluation of:

* physical, chemical and biological composition of headwaters and significant
groundwater discharges;

» water quantity and quality requirements for all existing and potential water uses;

+ the manner of water withdrawal and its effect on water quality and quantity;

» the existing and future water and wastewater treatment technology used to
alter water quality;



» the wastewater outfall configuration and effluent mixing;

+ the eutrophication status of the receiving waters;

+ the ecological changes that might be caused by wastewater discharges;
 the potential effects of the discharge of heated waters.

1.5 Industrial water supply
Because of the diverse nature of industrial processes, water quality requirements
are industry- dependent. In addition, water quality requirements may vary for var-
ious industrial processes within a single plant and for the same process in different
plants. Quality considerations are similar, depending on cost of treatment, plant
age, plant operating practices and quality and quantity of the available supply.
Because of the relative low cost of water treatment as compared to the cost of
total production and marketing, industries can treat almost any water to their own
specifications. However, quality characteristics that exceed those given in Table
1.3 would probably not be acceptable to most industries.
Table 1.3 Summary of specific quality characteristics of surface waters that
have been used as sources for industrial water supplies (Krenkel & Novotny, 1980)

Table 1.3 Summary of specific quality characteristics of surface waters that have been used as
sources for industrial water supplies (Krenkel & Novotny, 1980)

Characteristics Boiler Textile Pulp and paper Chemical Petroleum
(mg/l) makeup water industry industry industry industry

SiOs 150 - 50 - 85
Al 3 - - - -

Fe 80 0.3 2.6 10 15
Mn 10 1.0 - 2 -

Cu - 0.5 - - -

Ca - - - 250 220
Mg - - - 100 85
Na+K - - - - 230
NH, - - - - 40
HCO; 600 - - 600 480
SO, 1,400 - - 850 900
Cl 19,000 - 200 500 1,600
SS 15,000 1,000 - 10,000 5,000
Hardness (CaCO5;) 5,000 120 475 1,000 900
Alkalinity (CaCO5) 500 - - 500 500
pH . 6-8 4.6-9.4 5.5-9.0 6.0-9.0
Colour units 1,200 - 360 500 25
COD 100-500 - - - -

Temperature (YC) 50 - 35 - -




Different industries view water, and hence water management, in different
ways. At one extreme is the oil and refining industry, for which water is solely a
utility and very little is used for process purposes. At the other extreme is the pulp
and paper industry, for which water is an integral part of the process from the very
introduction of the raw materials and continuing historically in copious quantities
at every stage. For this industrial sector, water management refers only to process
water use and excludes utility use.

1.6 Ultra pure water

Ultrapure water, also known as “UPW” or “high-purity water”, is water that
has been purified to uncommonly stringent specifications. Ultrapure water is a
commonly used term in the semiconductor industry to emphasize the fact that
the water is treated to the highest levels of purity for all contaminant types,
including: organic and inorganic compounds; dissolved and particulate matter;
volatile and non-volatile, reactive and inert; hydrophilic and hydrophobic; and
dissolved gases.

UPW and commonly used term Deionized (DI) water are not the same. In addi-
tion to the fact that UPW has organic particles, and dissolved gases removed, a UPW
system includes a “Polishing” loop, the most expensive part of the treatment process.

A number of organizations and groups develop and publish standards associat-
ed with the production of UPW. For microelectronics and power - “Standard Guide
for Ultra-Pure Water Used in the Electronics and Semiconductor Industries”. Phar-
maceutical plants follow water quality standards as developed by pharmacopeias.

Ultrapure water is treated through multiple steps to meet the quality standards
for different users. The primary end users of UPW include these industries: semi-
conductors, solar photovoltaic’s, pharmaceuticals, power generation (sub and su-
per critical boilers), and specialty applications such as research laboratories. The
“ultrapure water” term became more popular in the later 1970s and early 1980s as
a way of describing the particular quality of water used in power, pharmaceutical,
or semiconductor facilities.

While each industry uses what it calls “ultrapure water”, the quality standards
vary, meaning that the UPW used by a pharmaceutical plant is different than that
used in a semiconductor industry or a power station. The standards tie into the
UPW use. For instance, semiconductor plants use UPW as a cleaning agent, so it
is important that the water not contain dissolved contaminants that can precipitate
or particles that may lodge on circuits and cause microchip failures. The power
industry uses UPW as a source to make steam to drive steam turbines; pharma-



ceutical facilities will use UPW as a cleaning agent, as well as an ingredient in
products, so they seek water free of endotoxins, microbials, and viruses.

Today, ion exchange (IX) and electrodeionization (EDI) are the primary
deionization technologies associated with UPW production, in most cases fol-
lowing reverse osmosis (RO). Depending on the required water quality, UPW
treatment plants often also feature degasification, microfiltration, ultrafiltration,
ultraviolet irradiation, and measurement instruments (e.g., total organic carbon
[TOC], resistivity/conductivity, particles, pH, and specialty measurements for
specific ions).

Early on, softened water produced by technologies like zeolite softening or
cold lime softening was a precursor to modern UPW treatment. From there, the
term “deionized” water was the next advancement as synthetic IX resins were
invented in 1935 and then became commercialized in the 1940s. The earliest
“deionized” water systems relied on IX treatment to produce “high-purity” as
determined by resistivity or conductivity measurements. After commercial RO
membranes emerged in the 1960s, then RO use with IX treatment eventually
became common. EDI was commercialized in the 1980s and this technology has
now become commonly associated with UPW treatment.

Ultrapure water is used in the Semiconductor industry extensively. It is the
highest UPW quality grade application: Resistivity at 25°C (>18.18 MQ-cm) TOC
(<1pg/L) (on-line for <10 ppb). The UPW consumption for the semiconductor in-
dustry can be compared to the water consumption of a small city. A single factory
can utilize high purity water at a rate of ~5,500 m3/day. The use of UPW varies
between rinsing the wafer after chemicals application, to dilution of the chemicals
used in production. Some UPW is used in optics of the immersion photolithog-
raphy or can be utilized as make-up to cooling fluid in some critical applications.
UPW is even sometimes used as humidification source for the clean room environ-
ment. It is used in other areas of the electronics industry in a similar fashion, such
as display manufacturing, production of discrete components, such as LED’s or
the manufacturing of crystalline silicon photovoltaic’s, but the cleanliness require-
ments in the semiconductor industry are currently the most stringent.

Quality characteristics of UPW for microelectronics and semiconductors in-
dustries would probably not be acceptable to pharmaceuticals. (For more detailed
description of UPW standards and preparation see chapter 4. and 5)



1.7 Use of water in the chemical industry

The chemical industry, for its part, encompasses both extremes. Water is both
a utility and a process fluid and the industry regards water management as the
integration of the two duties.

When considering water use, the chemical industry is best regarded as a col-
lection of dissimilar but related industries. The production units involved vary
from the processing of heavy organic chemicals and oil derivatives through the
production of basic inorganic chemicals such as alkalis and acids and of highly
complex speciality chemicals to the electrolysis of sodium chloride brine to pro-
duce chlorine. Even within specific related areas, the processes may be very dif-
ferent. In the production of plastics, it is essential for some processes that water
is excluded if the product is to have the desired properties; for other processes,
polymerisation is carried out in emulsions in water and the quality of the water is
critical for product quality. Plants producing the same product may use different
routes, depending on the location of the plant, the availability of raw materials of
the required quality, other production processes on the same site, transport and
safety considerations, the age of the plant and environmental discharge permits.

Water can enter the process with the raw materials, be added or removed at
different stages in the process or be added to the final product to suit specific end
uses or customer requirements. It is not uncommon to purchase speciality chemi-
cal formulations that contain in excess of 90% water, while acids and alkalis may
be sold with 50 to 70% water content.

It is common to find several different production processes on a single site.
This is due to the integrated nature of the processes and considerations of the cost
and safety of transporting potentially hazardous materials between sites. Thus
water use on any particular site varies widely — some plants may use water as
a utility only, while other plants may use water throughout the process. For this
reason, while there are general rules that must be followed, strategies for water
management are unique to production sites. For the chemical industry, therefore,
it is essential to concentrate on generic solutions. This means looking at the unit
operations which may find application for a range of uses, i.e. looking for the
building blocks that can be used to achieve a water management scheme which is
economic and, above all, robust in operation.

Chemical production sites have traditionally been located where there is
a plentiful supply of cheap water and where the discharge of water has been
relatively unrestricted. Environmental, safety and marketing pressures are now
changing this picture and this, in turn, demands more consideration of the way
water is used and discharged. Coupled with the rising costs of water and an in-



creasing awareness of the impact of water on production and product quality, the
opportunities offered by water management are drawing more interest.

Chapter 1 sources:

. “Aquastat” http://www.fao.org/nr/aquastat/ Update: September 2014

. UN, UNESCO, and FAO publications.

ASTM D5127 Standard Guide for Ultra-Pure Water Used in the Electronics and Semiconductor Industries

SEMI F63 Guide for Ultrapure Water Used in Semiconductor Processing

“FDA/ICH, (CDER and CBER), Q8(R2) Pharmaceutical Development, guidance for industry, November
2009; Q9 Quality Risk Management, guidance for industry, June 2006; Q10 Pharmaceutical Quality System,
guidance for industry, April 2009.”. The International Conference on Harmonisation.
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Chapter 2
Water Conservation

2.1 Water management in society
2.1.1 A global water perspective
Water dominates our planet and is basic to man’s living conditions. Still it is a
limited resource and also a threatened resource worldwide. To improve and limit
water management is one of the main priorities for this century. Water is very une-
venly distributed over the world. While e.g. in Africa, the Middle East, China and
other arid and semi-arid areas a water access crisis is already a reality, in northern
Europe, the situation is different. Here water quantity is not a large problem.

The challenge is instead to improve water quality in rivers, lakes and the
Baltic Sea itself. Availability of water depends on the yearly run off, i.e. the

Total Water,
a Global
Resource
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®15.2%
9-0 -10.2%
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Figure 2.1. Total global water use. The map above shows the percentage of total water use in
each region. Source: http.//online.sfSu.edu/rapidviz/523 infodesign_posters/523 water _miran-
da_bague.pdf

20



amount of precipitation. In the Baltic Sea region this is very large in the north
about 22,000 m3 per person and year, while in the south, in Germany and Po-
land, it is about 20-fold lower.

Here water is sometimes limiting for agriculture. Water use in society is in
the north, e.g. in Sweden and Finland, is about 3-4% of the runoff, or available
resources, while in Poland it is about 18%. This is the level at which problems
start to be visible due to the fact that water is re-circulated: wastewater emitted at
some point is soon after recovered to be used for a new purpose. It is then often
still too polluted. This is the water consumption cycle.

Water use is very different in different parts of the world. On the global level
irrigation and agriculture account for the largest share, about 65%, followed by
industry, 24%, municipal needs, 7%, and reservoirs 4%. In the Baltic Sea region
irrigation is a much smaller part of water consumption.

2.1.2 Water consumption in industry

Water consumption in society has decreased significantly over a period of some
15 years. A general trend in Europe is a decline of withdrawal of water especially
for industry but also for households. Many water saving strategies have been
introduced with the purpose to save freshwater resources, decrease discharges of
wastewater and facilitate the recovery of chemicals and energy. We will illustrate
this with data from Sweden.

In total, industry is the largest water user in the region. For example, in Swe-
den industry accounted for close to 70% of all water use, households another 20%
and agriculture 5% (data for year 2000, Figure 2.1). Three industrial branches
dominate in water use. Pulp and paper industry accounts for almost half (0.9 bil-
lion m?). Together with chemical industry (0.5 billion m*) and metals work (0.4
billion m?®) these three branches use 85% of all industrial water.

Industrial water use in Sweden increased dramatically from the 1940s up to a
peak in 1965. Thereafter a strong decrease took place up to about 1975, and less
so up the 1990s. In the period 1990-95 there was a slow decrease (just under 1%
yearly) even though, at the same time, industrial production increased by about
25%. Since then (preliminary data for 2003) water use has been quite constant
at around 2,200 Mm?® yearly, while the total water consumption in Sweden was
3,240 Mm?3. The distribution of water consumption between different consumer
groups is shown in Figure 2.2.

The withdrawal for production of potable water in the region was, around
1980, about 500-800 m3/person and year. In the early 21 st century this figure has
decreased to almost half.
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Figure 2.2 Water consumption in Sweden 2000 [SCB (Statistics Sweden), http://www.scb.se/
templates/tableOrChart 27297.asp]

Households dominate with more than half of this consumption (57% in Swe-
den during the 1990s) while industry use no more than some 10%. Leakage in the
network is considerable and amounts to close to 25% of the total in all countries.

An important reason for decreased water consumption is the price for water.
Water companies, most of them municipally owned, charge for the provision of
potable water and treatment of sewage. Costs are mostly related to investments,
and not strongly so to the volumes. Still prices are related to consumption, which
helps reduce consumption.

Measures to save water in households are mostly trivial. This includes fixing
leakage in toilets — a running toilet uses much water over 24 hours — and kitchen
and bathrooms; the introduction of water efficient washing machines and dish
washers, and water reduction taps for e.g. showers. The reduction of water use is
coupled to reduction of warm water use.

Lower water costs thus lead to lower energy costs. Measures to reduce water
consumption in industry are partly of the same character. But more importantly a
radical new way to treat process water and other kinds of water typical for indus-
try are more important. These measures will be the topic of this chapter.
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Figure 2.3 Emissions of biodegradable compounds from Swedish sources (BOD7) 1950-1997
[Persson and Nilson, 1998, compiled from the Swedish Environmental Protection Agency].

2.1.3 Integration of industrial and municipal water management

Industrial water handling, as well as solid waste treatment, has several connec-
tions to municipal water and solid waste treatment, basically because the industry
often utilises the municipal wastewater treatment plants. If not, the same process-
es as in the municipal plants are often used. Naturally, industrial activities most
often give rise to residual-product flows, entirely different from municipal waste
flows, which has to be treated with its own technology.

The industry has the opportunity, already at the manufacturing stage to
influence the amount and properties of the residual-flows. This possibility to
process integrated solutions has, to a large extent, been used in industry. To
combine internal and external measures in order to reduce emissions, at a low
cost, is a very common feature of current industrial environmental protection
technology. The large reduction of BOD-emissions (oxygen demanding) from
the pulp and paper industry during the 70s and 80s and the very large reduction
in organic chlorine compounds during later years are some illustrative exam-
ples (Figure 2.3).

23



[Mm?]
1200
1000
800
600 |
400 |
200 |
Cooling water ~ Other Process Sanitary Other Non-
for electric  cooling water water water distributed
power water usage water
generation usage
. Ground water |:| Surface water |:| Sea water |:| Non-distributed water

Figure 2.4. Industrial water use in Sweden in 2000 [SCB (Statistics Sweden), http://www.scb.
se/templates/tableOrChart 39386.asp].

2.1.4 Provision of water to industry

Figure 2.4 shows the details of water use in Swedish industry in year 2000 as
an example. It is clear that volume-wise cooling water dominates followed by
process water. Almost all of the water is withdrawn from surface water (lakes
and rivers) and in a few cases as sea water. Ground water resources are thus not
exploited for industrial purposes.

Industries with very large water demand have their own sources of water.
However, smaller industries normally rely on municipal water. Their sources of
water are thus the same as for municipal water, a mixture of ground and surface
water, and artificially infiltrated water.

The volume of cooling water varies from industry to industry, depending on
the amount of heat to be cooled away from the process. Industries with large de-
mand of cooling water are situated along the coast or along rivers.

To use cleaned water from the municipal or industrial wastewater treatment
plant as raw-water is one alternative that can be useful for areas with a restrict-
ed supply of water. To use reused wastewater can, however, present problems,
practical as well as aesthetic. Due to variations in the inflow to the wastewater
treatment plant it could become difficult to guarantee a certain quality of the
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cleaned water. The wastewater treatment plant could be subject to disruptions
which might mean longer or shorter production stops. An industry demanding
continuous supply of raw water might therefore need an alternative raw-water
source as a reserve from which, when necessary, water could be drawn.

2.2 Measures to reduce water consumption

2.2.1 Strategic choices

Water is an expensive raw material today. In earlier days water was a cheap re-

source that could be utilised in almost unlimited quantities, but today the costs

for water supply and the treatment of wastewater have become considerable. It

has thus become necessary, for economic reasons, to reduce water consumption.
Yet another reason for lowering water consumption is that emissions of pol-

lutants from an industry depend on the wastewater production. One important

step to reduce the effects of industrial emissions on the recipient and the external

wastewater treatment plants is, therefore, to reduce the volume of the emissions.

This can be achieved through:

* Separate handling of different kinds of wastewater.

* Process changes in order to reduce the volume of wastewater.

* Reuse of industrial wastewater as input water.

* Elimination of the intermittent emissions of process wastewater.

2.2.2 Separation of different kinds of wastewater

The kinds of water in an industry may be drastically different. Treatment of these
streams separately is an important strategy. This refers to water provision, where
e.g. cooling water may be withdrawn from a nearby river or lake, while process
water may depend on municipal potable water. But even more so, it is important
to separate the wastewater streams.

While the most polluted water should be subject to a thorough cleaning, the
less polluted water may achieve a less thorough treatment or maybe even no treat-
ment at all. This will in practice reduce the volume of wastewater significantly.

Wastewater can be divided into four classes:

Process water is part of the chemical or physical production processes. Pro-
cess water may contain very specific components, pollutants, which require spe-
cific treatments. In some industries process water may be very large volumes.

Cooling water is water used to remove heat produced in the processes, e.g. in
power plants. Large volumes of cooling water are used in some industries, e.g. nu-
clear power plants and cement industries. It is most often little, or not at all, polluted.

25



Sanitary wastewater is water from kitchens, toilets etc, the same as in house-
holds and residential areas. It is normally sent to the municipal sewage network.

Storm water is run-off from the industrial area, roofs and hard made surfaces.
The character of storm water is dependent on the surface, and may be either sim-
ilar to storm water from streets in the city or much more polluted.

Each of these streams will be discussed below.

2.2.3 Process water
Process water is the most important class of wastewater. The task is not only to
reduce the cost for the used volume of water, but also to reduce the amount of
pollutants in the water. In a wastewater treatment plant it is usually possible, inde-
pendent of the incoming concentration, to reach a specific residual concentration
in the cleaned water. It is usually rather difficult to lower the concentration under
this level even if the incoming concentration is low. Since the emissions from an
industry usually are calculated in kg or tonnes per day and not per litre wastewa-
ter, it is desirable to lower the amount of water to be cleaned as much as possible,
even if it means that the concentration becomes higher (Figure 2.5).

From an economic point of view, it is more profitable having an as small as
possible water flow, since that usually means a lower investment requirement,
even if the amount of pollutants to be separated is the same.

F

—3>———] Cleaning process —pi

C; Cout

in
M
F-c,=F-c,*M

F = volume flow of waste water [m®/d] (in and outflow)
¢, = incoming concentration pollutants [kag/mq]
C,yt = rest concentration pollutants [kg/mq] (~ constant)
M = amount separated pollutants [kg/d]

Figure 2.5 Waste watercleaning equation. A simple equation expresses how the amount of sep-
arated pollutants depends on wastewater flow. A low flow and higher concentration will improve
the cleaning process.
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Yet another, but equally important, point of view is to separate the pollutants
from the wastewater as close to the source as possible and not to mix different
wastewaters. It is always simpler and cheaper to separate one component from a
solution if it is the only component present, compared to separating one compo-
nent from a complex mixture.

The amount of water consumed to produce a certain amount of product is,
as mentioned earlier, subject to continued reduction, among other things due to
purposeful technological development towards less water consuming processes.
Each unit operation in the industry demands generally as much water as earlier,
but by recirculating the water within the process or reusing it after cleaning, the
volumes of needed freshwater has been reduced step by step.

2.2.4 Cooling water

The volume of cooling water varies from industry to industry, depending on the
amount of heat to be cooled away from the process. A large refinery, for instance,
will use 500,000 m3 per day, of which only 15,000 m3 is process wastewater, the
rest is cooling water with very small amounts of pollutants.

One possible solution for reducing the amount of cooling water is to use a
closed cooling water circuit. By circulating the cooling water through a cooling
tower the heat energy can be transferred from the water to air by evaporating a
small part of the water. Another option is to use a heat pump to extract the heat
energy from the cooling water at a higher, more useful temperature.

2.2.5 Sanitary wastewater

The volume of sanitary wastewater is normally between 75 and 150 litres per
employee and day. The total amount produced depends on several factors, be-
sides from the number of employees, for instance how much is flushed through
floor drains during clean-up and what degree of personal hygiene is demanded
from the personnel. Sanitary wastewater is normally sent to the municipal sewer
network and treated like other wastewater. It is important that this water stream is
not contaminated by industrial wastewater with pollutants not normally treated in
the municipal wastewater treatment plant.

2.2.6 Storm water

Storm water is connected to the precipitation and varies therefore strongly with
time. The amount of pollutants in the water depends on how much the ground in
the draining area is polluted, which also decides the degree of cleaning needed.
Storm water might sometimes go straight to a recipient or to a municipal waste-
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water treatment plant without or after only simple pre-treatment (sedimentation)
in storm water wells. In other cases the water must be treated in a separate waste-
water treatment plant. The sludge from the storm water wells is treated and de-
posited as industrial sludge.

2.3 Process changes

2.3.1 Process changes to reduce water consumption

Just as the demand for water for human consumption can vary within certain
limits the water demand for production of a certain product can vary. If there is
a local shortage of water, or if its price entails large costs for a user, the user will
try to save water or find substitutes. The savings are then twofold: the water costs
as well as the cleaning costs are reduced. The generally most efficient way to
decrease the amount of outgoing wastewater is process integration. First of all a
substantial recirculation of process water is an alternative to decrease the amount
of freshwater required. The prime problem is to avoid the build-up concentration
of pollutants and by-products in the process water to unacceptable levels. This
may be avoided by cleaning the process water after each cycle. An example is the
water in a paper mill which passes the paper when it is formed. However, many
changes to reduce the amount of wastewater are expensive, and the gain from the
reduction has to be weighed against the costs. An alternative is a limited bleed
flow, which goes to wastewater treatment.

Also important are measures which do not necessarily depend on invest-
ments, but result in a decrease in the water consumption just by “good house-
keeping”. Some examples are:

* Use the countercurrent principle in all washing, flushing and leaching processes.

* Re-circulate polluted water, if required after treatment.

» Use water for purposes with lower quality demands — down-classing of water.

* Flush-wash instead of dip-wash.

» Use closed cooling-water system.

* Check the actual demand for water, for instance by installing water meters to
monitor consumption.

+ Install magnetic valves which close off the water during production disruptions.

* Avoid leakage of water, flush over etc.

Useful examples of recirculation of water are found in the food industry, where
water can be used several times starting from the “clean side” of production to the
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first washing step. Sometimes an additional cleaning (intermediate cleaning) can
take place, usually by sedimentation.

2.4 Cases of water conservation

Figure 2.6 shows the water cycle in a mill for recycled paper, where the evapora-
tion losses are compensated for by re-circulating the wash water. Clean water is
added only in the last washing step.

In order to achieve a recirculation of process water, substantial addition-
al measures are required. These include desalination of the water. Evaporation
would otherwise lead to a substantial increase in the salt concentration of the
process water. Sludge also builds up, and measures are required to reduce it. Oth-
erwise microorganisms would contaminate the process water.

An example of substitution of water with steam can be found in potato han-
dling. Earlier, industrially peeled potatoes required an amount of 6 m3 of soda per
tone potatoes. Today the potatoes are peeled with steam. Water savings amounts
to 60-70%. Another advantage of this new technique is that the peeling waste
(about 150 kg/tonne potatoes) can be used as fodder. The amount of wastewater
can be decreased by about 20% when soda, soil, and potato peels can be kept
away from the wastewater.

There are many examples on production processes where water consumption
has been decreased and, as a result, the amount of wastewater as well.

Pulp from return fibres
and other pulp qualities

Mixer
I Paper machine Fresh
/ water in
Sieve Pulping step 7
F ) Q00 >
kﬂ — Q 000 r
Paper

line

Chemicals

Fibre
seperation

Sludge
Cleaning steps

Figure 2.6 Water cycle in a mill for recycled paper.
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Figure 2.7 Processes for chlorinating of hydrocarbons; conventional absorption of HCI with
water (A), and a new process — adiabatic absorption with evaporation (B), respectively.
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igure 2.8 Nitration of hydrocarbons, an earlier process (A) and a developed process (B) which
through reuse and recirculation of “rest”-products and unreacted raw material leads to a decreased
environmental hazard potential in the wastewater.

In the classic chlorination of organic products, half of the added chlorine
added to the reactor was unused and absorbed in water as dilute hydrochloric
acid (HCI). (Figure 2.7). It was then included in the waste acid, which had to be
neutralised. In a new chlorination process the absorption product is stripped with
steam in order to evaporate the organic components, and yields a concentrated
acid as by-product, to be used for other purposes.

The process has become completely free from wastewater as the separated
organic compounds are recycled to the chlorination step.

Another example is shown in Figure 2.8.
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An earlier process for nitration of hydrocarbons (chlorine aromatics, amines,
etc.) has been improved. In the new process the organic compounds in the
wash-water from the process is extracted with the incoming organic raw material
in a countercurrent extraction column. The remaining hydrocarbons are evap-
orated and re-circulated. In addition to saving water, the environmental hazard
potential of the wastewater has been decreased.

2.5 Different organizations for water conservation

2.5.1 Social movement “The Greening of Industry”

Mission

The Greening of Industry Network develops knowledge and transforms practice
to accelerate progress toward a sustainable society.

Vision

The Network seeks to create new concepts and a new language that will make it pos-

sible to extend horizons and communicate across disciplines, nations, and sectors.

The Network:

*  Mobilizes a community of researchers to stimulate the emergence of a new
strategic research area on the greening of industry.

* Creates a dialogue between this new research community and leaders in busi-
ness, labour, civil society organizations, government.

* Provides an opportunity for all stakeholders, with equal voice, to develop
research and action agendas on issues of industry, environment, and society.

2.5.2 Movement “Green Networking”
At the national and local level ‘green networking’ of a different kind has been es-
tablished in many countries. It brings industry and authorities together to promote
and encourage not only compliance with current legislation, including environ-
mental licences like the EU-IPPC-licences. That is a precondition for becoming a
member at all. The wider ambitions are about creating the background for ‘going
beyond compliance’. This means knowledge sharing and promoting new technol-
ogy projects and best practices. Thus there is the Danish local ‘Green Networks’,
which have been around for now 12-15 years. In Sweden there is the organisa-
tion Swedish Environmental Directors including many of the big companies, and
there is a corresponding organisation in Finland.

There are also quite a few examples of companies entering into formal co-op-
eration with one or more, typically nationally based, green NGOs. The subject
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of the cooperation is to develop an ‘Environmental Code of Conduct’ or ‘Envi-
ronmentally best practices’ in company matters like packaging, transport, waste
handling, energy and water conservation etc. In this co-operation the company
gets the ‘blue stamp’ from the NGO on its operations, when the agreed conduct or
practices are complied with. It is the ethics of co-responsibility on the side of the
NGOs which quite often makes NGOs hesitate to engage in such arrangements.
But there are several examples from Germany.

Still, the awareness of the general public of the environmental behavior and
performance of major industrial companies is as important as ever. A strong and
rigorous pro-environment attitude of the general public is important to make in-
dustry comply with legislation. It is equally important for the political will to ac-
tually act and insist on compliance with current regulation in the countries where
the companies operate. The NGOs have an important part to play in keeping peo-
ple aware and on the alert on issues of environmental protection and sustainabili-
ty and their violation. The NGOs are accepted as an influential and therefore im-
portant ‘player’ and partner at national, regional and international levels. NGOs
are being asked for opinions on proposals, to sit on committees and help promote
programmes and regulations. They also organise protests of different kinds as an
instrument to influence especially regional and global, political decision-making
on environmental protection issues.

Chapter 2 sources:

1- Lenart Nilsson, Per Olof Persson, Lars Ryden, Siarhei Dorozhka, Audrone Zaliauskiene, Cleaner Production
— Technologies and Tools for Resource Efficient Production, Chapter 7, Water conservation, BUP
Environmental management, 2007, ISBN 91-975526-1-5

2- The Greening of Industry Network (GIN) http://www.greeningofindustry.org/
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Chapter 3

Water Softening and Stabilization for Industrial
Use

3.1 Chemical water softening
3.1.1 Hardness definitions
The term hardness is used to characterize water that does not lather well, causes
a scum in the bath tub, and leaves hard, white, crusty deposits (scale) on coffee
pots, tea kettles, and hot water heaters. The failure to lather well and the forma-
tion of scum on bath tubs is the result of the reactions of calcium and magnesium
with the soap. For example:

CaZ" + (soap)- = Ca(soap), s

where (s) = a solid precipitate

As a result of this complexation reaction, soap cannot interact with the dirt on
clothing, and the calcium-soap complex itself forms undesirable precipitates.
Hardness is defined as the sum of all polyvalent cations (in consistent units). The
common units of expression are mg/L as CaCO; or milliequivalents per liter (me-
g/L). Qualitative terms used to describe hardness are listed in Table 3.1. Although
all polyvalent cations contribute to hardness, the predominant contributors are
calcium and magnesium. With the exception of a few other important polyvalent
cations and natural organic matter (NOM), the focus of this discussion will be on
calcium and magnesium.

Table 3.1. Hard water classification (Adapted from Mackenzy, 2010)

Hardness range Description Comment
(mg/L as CaCO;)
0-50 Extremely soft -
50-100 Very soft -
100-150 Soft to moderately hard Acceptable to most users
150-300 Hard -
>300 Very hard -
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Figure 3.1 The natural process by which water becomes hard (Source: Davis and Cornwell,
2008.)

Hardness in natural waters comes from the dissolution of minerals from ge-
ologic formations that contain calcium and magnesium. Two common minerals
are calcite (CaCO;) and dolomite [CaMg(COs),]. The natural process by which
water becomes hard is shown schematically in Figure 3.1. As rainwater enters the
topsoil, the respiration of microorganisms increases the CO, content of the water.
As shown in equations, the CO, reacts with the water to form H,COj;. Calcite and
dolomite react with the carbonic acid to form calcium bicarbonate [Ca(HCOs),]
and magnesium bicarbonate [Mg(HCO3),]. While CaCO; and CaMg(CO5), are
not very soluble in water, the bicarbonates are quite soluble. Calcium chloride
(CaCl,), gypsum (CaSQ,), magnesium chloride (MgCl,), and magnesium sulfate
(MgS0O,) may also go into solution to contribute to the hardness.
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Because calcium and magnesium predominate, the convention in performing
softening calculations is to define the total hardness (TH) of water as the sum of
these elements

TH = Ca?* + Mg2"

The concentrations of each element are in consistent units (mg/L as CaCO5 or
meq/L). Two components of total hardness are: (1) that associated with the HCO;
anion (called carbonate hardness and abbreviated CH) and (2) that associated
with other anions (called noncarbonate hardness and abbreviated NCH). Total
hardness, then, may also be defined as:

TH=CH + NCH

Carbonate hardness is defined as the amount of hardness equal to the total hard-
ness or the total alkalinity, whichever is less. Carbonate hardness is often called
temporary hardness because boiling the water removes it. Heating drives the CO,
out of solution and the pH increases.

Noncarbonate hardness is defined as the total hardness in excess of the alka-
linity. If the alkalinity is equal to or greater than the total hardness, then there is
no noncarbonate hardness. Noncarbonate hardness is called permanent hardness
because it is not removed when water is heated. Bar charts of water composition
are useful in understanding the process of softening. By convention, the bar chart
is constructed with cations in the upper bar and anions in the lower bar.

In the upper bar, calcium is placed first and magnesium second. Other cations
follow without any specified order. The lower bar is constructed with bicarbonate
placed first. Other anions follow without any specified order.

The relationships between total hardness, carbonate hardness, and noncar-
bonate hardness are illustrated in Figure 3.2. In Figure 3.2.a , the total hardness
is 250 mg/L as CaCOs, the carbonate hardness is equal to the alkalinity HCO5 =
200 mg/L asCaCOy ), and the noncarbonate hardness is equal to the difference be-
tween the total hardness and the carbonate hardness (NCH = TH-CH = 250 -200
=50 mg/L as CaCOy). In Figure 3.2.b , the total hardness is again 250 mg/L as
CaCOj;. However, because the alkalinity HCOj5- is greater than the total hardness,
and because the carbonate hardness cannot be greater than the total hardness, the
carbonate hardness is equal to the total hardness, that is, 250 mg/L as CaCOs.

With the carbonate hardness equal to the total hardness, then all of the hard-
ness is carbonate Hardness and there is no noncarbonate hardness. Note that in
both cases it may be assumed that the pH is less than 8.3 because HCOj;- is the
only form of alkalinity present.
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Neutralization of carbonic acid
CO, + Ca(OH), == CaCOs(s) + H,0
Precipitation of carbonate hardness
Ca®t + 2HCOj5 + Ca(OH), == 2CaCO5(s) + 2H,0
Mg*t + 2HCOj + Ca(OH), = MgCO; + CaCOs4(s) + 2H,0

Mg'co3 + Ca(OH), < Mg(OH),(s) + CaCO5(s)

Precipitation of noncarbonate hardness due to calcium

Ca>" + Na,COj; == CaCO4(s) + 2Na™

Precipitation of noncarbonate hardness due to magnesium

Mg** + Ca(OH), == Mg(OH),(s) + Ca*"

’2+ — +
Ca™" + Na,CO; == CaCO5(s) + 2Na
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Figure 3.2. Relationships between total hardness, carbonate hardness, and noncarbonate

Figure 3.3. Summary of
softening reactions. (Note:
The chemical added is printed
in bold type. The precipitate
is designated by(s). The arrow
indicates where a compound
formed in one reaction is used
in another reaction.) (Source:
David and Cornwell, 2008.)



The removal of ions that cause hardness is called softening. The majority of
treatment systems that employ softening are those using a groundwater source.
There are, however, a number of surface water sources with a groundwater compo-
nent that is hard that employ softening as part of their treatment process. Softening
can be accomplished by the lime-soda process, ion exchange, nanofiltration, or re-
verse osmosis. Lime-soda softening and other methods are discussed in this chapter.

3.1.2 Process limitations and empirical considerations
Lime-soda softening cannot produce a water completely free of hardness because
of the solubility of CaCO; and Mg(OH),, the physical limitations of mixing and
contact, and the lack of sufficient time for the reactions to go to completion. Thus,
the minimum calcium hardness that can be achieved is about 30 mg/L as CaCOs,
and the minimum magnesium hardness is about 10 mg/L as CaCO;. Historically
the goal for final total hardness has been set at between 75 and 120 mg/L as CaCOs.
In recent years, many utilities have raised the target hardness to 120 to 150 mg/L
as CaCOj; to reduce chemical costs and residuals production (Horsley et al., 2005).

In order to achieve reasonable removal of hardness in a reasonable time pe-
riod, an extra amount of Ca(OH), beyond the stoichiometric amount usually is
provided. Based on empirical experience, the minimum extra amount is 20 mg/L
of Ca(OH), expressed as CaCOj; (or 0.40 meq). Magnesium in excess of about
40 mg/L as CaCOs5 (0.80 meq) forms scales on heat exchange elements in hot wa-
ter heaters. Because of the expense of removing magnesium, normally only the
magnesium that is in excess of 40 mg/L as CaCOj is removed. For magnesium
removals less than 20 mg/L as CaCOs, the basic extra amount of lime mentioned
above is sufficient to ensure good results. For magnesium removals between 20
and40 mg/L as CaCOs, an extra amount of lime equal to the magnesium to be
removed is added. For magnesium removals greater than 40 mg/L as CaCOs;, the
extra lime addedis40 mg/L as CaCO;. Addition of extra lime in amounts great-
er than 40 mg/L as CaCOj; does not appreciably improve the reaction kinetics.
Because the excess lime adds hardness in the form of CaZ* , it is removed in a
subsequent process step called recarbonation.

The sequence chemical additions (as CaCOs) to soften water are summarized
in Table 3.2.

3.1.3 Selective calcium removal

When the magnesium concentration is less than 40 mg/L as CaCOs;, lime sof-
tening (also called partial lime softening) can produce the desired final hard-
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Table 3.2 Summary of chemical additions to soften water (Adapted from Mackenzy, 2010)

Step Chemical addition a Reason
Carbonate hardness Neutralize H,CO4

1. Lime =CO, Raise pH; convert HCO5~ to CO52-
2. Lime = HCO; Raise pH; precipitate Mg(OH),
3. Lime = Mg2* to be removed Drive reaction
4. Lime = required excess

Noncarbonate hardness Soda = noncarbonate hardness Provide CO52-
5. to be removed

a The terms “Lime” and “Soda” refer to mg/L of Ca(OH), and Na,COj; respectively, as CaCO; equal to mg/L
of ion (or gas in the case of CO,) as CaCOs.

ness. The alternative dosing schemes are dependent on the amount of carbonate
alkalinity. In each instance CO, removal is shown by lime neutralization. This
assumes that this is the economic alternative. In addition, it should be noted
that lime must be added to the stoichiometric equivalent of the bicarbonate
present regardless of the concentration of calcium. If the bicarbonate is not
neutralized, the pH objective of 10.3 required to precipitate the calcium will
not be achieved.

3.1.4 Split treatment

When the magnesium concentration is greater than 40 mg/L as CaCOs, the flow
is split to achieve a magnesium hardness of 40 mg/L as CaCOj; as noted above.
The portion of the flow that is treated is dosed to achieve the practical solubility
limits for calcium and magnesium. The alternative dosing schemes are dependent
on the amount of carbonate alkalinity. In each instance CO, removal is shown by
lime neutralization. This assumes that this is the economic alternative.

If the total hardness after blending is above the desired final hardness, then
further softening in a second stage is required. Because the split is designed to
achieve a desired Mg2* of 40 mg/L as CaCOs5, no further MgZ" removal is re-
quired. Only treatment of Ca2" is required. The dosing scheme for selective cal-
cium removal is employed.

3.1.5 Use of caustic soda

Caustic soda (NaOH) is an alternative to the use of lime for softening. It has the
advantages of decreased sludge production, reduction in dust generation, and the
option of simpler storage and feed systems because it is purchased as a liquid.
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There are several disadvantages in using caustic soda:

+ the cost is four to six times higher than lime,

+ the potential for hazardous chemical release is greater because it is a liquid,

* the freezing problems occur for 50 percent solutions at temperatures below 13 °C
(Kawamura, 2000).

The choice of caustic over lime will fundamentally be driven by economic eval-
uation of the cost of caustic, the feed system, and sludge treatment and disposal.

The stoichiometric reactions maybe derived by replacing Ca(OH), with
NaOH and rebalancing the reactions. Because CaZ" hardness is not substituted
for Mg2*, the reactions shown in Equations 7-16 and 7-18 are not required. The
sodium carbonate formed in the reactions of caustic with carbonate hardness is
available to precipitate calcium noncarbonate hardness.
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Figure 3.4. Softening process flow diagrams of common softening treatment techniques: (a) sin-
gle-stage lime treatment; (b) two-stage excess lime-soda treatment; (c) split-flow lime treatment.
Source: Davis, 2010.
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provided for guidance in evaluating proprietary designs. (Source: Davis, 2010.)

3.1.6 Softening process configurations and design criteria

The process flow diagrams for three common softening treatment schemes are
shown in Figure 3.4. Many other variations are possible including, for example,
the use of blended raw water CO, to recarbonate and the use of coagulation and
flocculation after the precipitation process to reduce the solids load to the filters.
In the case of coagulation/flocculation, the high pH of the water coming from the
precipitation process favors the use of ferric chloride as the coagulant because it
is less soluble at higher pH than alum.

3.1.7 Upflow solids contact basins

Conventional softening basins are mostly found at older facilities. They provide a
high degree of process stability, but the size and number of basins result in a high
capital cost. Since the late 1960s most new plants have been built with upflow
solids contact basins as shown in Figure 3.5.

Although rapid mixing maybe provided ahead of the solids contact unit, gen-
erally the softening chemicals are applied to the mixing zone of the contact unit.
The mixing and recirculation zone is separated from the sedimentation zone by a
conical baffle identified as the “hood” in Figure 3.5.

Effective solids contact units draw the settled precipitate from near the floor
at the center of the basin with a large diameter turbine or impeller and recirculate
it with the incoming water. When multiple units are used, the precipitate maybe
recirculated from one unit to another. Because the units are sold as proprietary
manufactured items, the designs are established by the manufacturer. Whenev-
er possible, design requirements should be based on successful plants using the
same or similar source water.
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* The maximum recirculation rate is typically 10:1 based on the incoming raw
water flow rate. The mixer is provided with a variable-speed drive to allow
the operator to adjust the recirculation rate.

* The side water depth of the tank generallyvariesfrom 4.3 to 5.5 m. Contact
time in the mixing zone is typically measured by the volume of water within
and directly under the baffle cone.

* Overflow rate (that is, flow rate divided by the surface area, Q/ As) is general-
ly measured 0.6 m below the water surface, based on the surface area between
the baffle wall and the basin wall.

Following design criteria are recommended:

1 Flocculation and mixing period should not be less than 30 minutes.

2 Detention time should be two to four hours for solids contact clarifiers and
softeners treating surface water.

3 Detention time should be one to two hours for solids contact clarifiers treating
only groundwater.

4 Upflow rate (overflow rate) shall not exceed 2.4 cubic meters of flow per
square meter of surface area per hour (m3/h m? or m/h) at the slurry separation
line for units used for clarifiers.

5 Upflow rate (overflow rate) shall not exceed 4.2 m3/h m2 or m/h at the slurry
separation line for units used for softeners.

6 Weir loading shall not exceed 0.120 m3/min m of weir length for units used as
clarifiers.

7 Weir loading shall not exceed 0.240 m3/min m of weir length for units used as
softeners.

3.1.8 Operation and maintenance

The most important operation and maintenance task in softening is the selection
of the appropriate chemicals and adjustment of the dose to changing raw water
quality and plant flow. The second in the O&M monitoring of the chemical
feed system is to detect clogging of the lines and maintenance of the mixers
ranks need for close oversight. Encrustation is a significant problem. Annual
removal of calcium carbonate build-up during seasonal low-demand periods is
customary.

3.1.9 Hints from the field.

Experience suggests the following:
* Open flumes are preferred over pipelines.
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* Design of pipelines and flumes should include additional capacity for en-
crustation.

* Sludge scraper mechanisms should be kept in operation during low-flow pe-
riods when portions of the plant are off-line but are not to be drained. This
prevents the sludge blanket from settling and “freezing” the scraper so that
it cannot start moving again because the settled sludge is too dense for the
torque that can be applied.

* Sludge withdrawal (called blowdown) must occur regularly to keep the draft
tube in an upflow clarifier open so that recirculation occurs in the mixing por-
tion of the clarifier.

3.2 Ion exchange softening

3.2.1 Ion exchange applications

Ion exchange is widely used in the food & beverage, hydrometallurgical, met-
als finishing, chemical & petrochemical, pharmaceutical, sugar & sweeteners,
ground & potable water, nuclear, softening & industrial water, semiconductor,
power, and a host of other industries.

Most typical example of application is preparation of high purity water for
power engineering, electronic and nuclear industries; i.e. polymeric or mineralic
insoluble ion exchangers are widely used for water softening, water purification,
water decontamination, etc.

Ion exchange is a method widely used in household (laundry detergents and
water filters) to produce soft water. This is accomplished by exchanging calcium
Ca?* and magnesium MgZ2" cations against Na* or H* cations (see water soften-
ing). Another application for ion exchange in domestic water treatment is the
removal of nitrate and natural organic matter.

Ion-exchange processes are used to separate and purify metals, including
separating uranium from plutonium and other actinides, including thorium, and
lanthanum, neodymium, ytterbium, samarium, lutetium, from each other and the
other lanthanides. There are two series of rare earth metals, the lanthanides and
the actinides, both of whose families all have very similar chemical and physical
properties. Using methods developed by Frank Spedding in the 1940s, ion-ex-
change used to be the only practical way to separate them in large quantities, until
the advent of solvent extraction techniques that can be scaled up enormously.

A very important case is the PUREX process (plutonium-uranium extraction
process), which is used to separate the plutonium and the uranium from the spent
fuel products from a nuclear reactor, and to be able to dispose of the waste prod-
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ucts. Then, the plutonium and uranium are available for making nuclear-energy
materials, such as new reactor fuel and nuclear weapons.

Ion exchangers are used in nuclear reprocessing and the treatment of radio-
active waste.

Ion exchange resins in the form of thin membranes are used in chloralkali
process, fuel cells and vanadium redox batteries.

3.2.2 Ion exchange resins and reactions

Ion exchange is an exchange of ions between two electrolytes or between an
electrolyte solution and a complex. In most cases the term is used to denote the
processes of purification, separation, and decontamination of aqueous and other
ion-containing solutions with solid polymeric or mineralic ‘ion exchangers’.

Typical ion exchangers are ion exchange resins (functionalized porous or
gel polymer), zeolites, montmorillonite, clay, and soilhumus. Ion exchangers
are either cation exchangers that exchange positively charged ions (cations) or
anion exchangers that exchange negatively charged ions (anions). There are also
amphoteric exchangers that are able to exchange both cations and anions simul-
taneously. However, the simultaneous exchange of cations and anions can be
more efficiently performed in mixed beds that contain a mixture of anion and
cation exchange resins, or passing the treated solution through several different
ion exchange materials.

Ion exchangers can be unselective or have binding preferences for certain
ions or classes of ions, depending on their chemical structure. This can be de-
pendent on the size of the ions, their charge, or their structure. Typical examples
of ions that can bind to ion exchangers are:

* H+ (proton) and OH— (hydroxide)

* Single-charged monatomic ions like Nat, K*, and CI~

+ Double-charged monatomic ions like Ca2* and Mg2*

+ Polyatomic inorganic ions like SO,2~ and PO,3~

* Organic bases, usually molecules containing the aminefunctional group

-NR,H*

* Organic acids, often molecules containing -COO~ (carboxylic acid) function-
al groups
* Biomolecules that can be ionized: amino acids, peptides, proteins, etc.

Along with absorption and adsorption, ion exchange is a form of sorption.

Ion exchange is a reversible process and the ion exchanger can be regenerat-
ed or loaded with desirable ions by washing with an excess of these ions.
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Source: Davis, 2010.

Typically, in water softening, sodium is exchanged for cations in solution.
When the bed becomes saturated with the exchanged ion, it is shut down and
regenerated by passing a concentrated solution of sodium back through the bed.
Because of its large application in softening water, the focus of this chapter is on
this application. The most common polymeric resin matrix is a cross-linked pol-
ystyrene to which charged functional groups are attached by covalent bonding.
Divinylbenzene (DVB) is used as a cross-linking agent with the styrene. A higher
DVB cross-linkage provides a more stable resin but will result in slower ion ex-
change kinetics. The common functional groups are in four categories: strongly
acidic; weakly acidic; strongly basic; and weakly basic.

Figure 3.6 is a schematic representation of a resin bead and two typical func-
tional groups. Cation exchange resins contain mobile positive ions, such as hy-
drogen or sodium that are attached to immobile functional acid groups, such as
sulfonic and carboxylic groups. The functional groups are fixed to the resin ma-
trix or backbone. These are the cation ion exchange sites. The number of sites
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is finite, and when they all have been exchanged the ion exchange resin will no
longer soften the water.

3.2.3 Strong cation exchange reactions.

The word “strong” in strong cation exchange does not refer to the physical
strength of the resin but rather to the Arrhenius theory of electrolyte strength in
which the functional group of the resin is dissociated completely in its ionic for-
mat any pH. Upper equation represents the exchange of sodium for calcium in the
form of carbonate hardness and next equation represents the exchange of sodium
for noncarbonate hardness where denotes the resin and the bold font represents
the solid resin phase. Magnesium and other polyvalent ions are removed by simi-
lar reactions. The sulfonic group provides a strong reactive site and the exchange
resin readily removes all polyvalent cations. The reactions are reversible.

Ca(HCO3), + 2{/=] — SO7 Na*} = /=] - RS0;,},Ca’* + 2NaHCO,

CaCl, + 2{ /=7 — SO Na*} = [/[=] — $0,),Ca’* + 2NaCl

3.2.4 Weak cation exchange reactions.
The weak cation exchange resins can remove carbonate hardness as shown in
equation, but they cannot remove noncarbonate hardness.

The weak cation exchange resins are regenerated with a strong acid ( HCI or
H,SO,).

Ca(HCO3), + 2{/& — COOH|} = {/&] — CO0},Ca + 2H,CO3

3.2.5 Ion exchange Kinetics

The rate of ion exchange depends on the rates of the various transport mecha-
nisms carrying the ion to be removed to the resin as well as the exchange reaction
rate itself. The mechanisms are as follows: (1) movement of the ions from the
bulk solution to the film or boundary layer surrounding the exchange solid, (2)
diffusion of the ions through the film to the solid surface, (3) diffusion of the ions
inward through the pores of the solid to the exchange sites, (4) exchange of the
ions by reaction, (5) diffusion of the exchanged ions outward through the pores to
the solid surface, (6) diffusion of the exchanged ions through the boundary layer,
and (7) movement of the exchanged ions into the bulk solution.
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For a column of resin, the exchange reactions begin to saturate the upper lev-
els before the lower levels. The progress of this saturation through the column
results in a “wave” of saturation as shown in Figure 3.7a . If samples are taken at
the bottom of the column, a curve of increasing concentration is detected as shown
in Figure 3.7b . This curve is called the breakthrough curve. At some point in time
the effluent concentration exceeds the design criteria, for example at concentration
Cc in Figure 3.7b . The column is then taken out of service and regenerated.

Exchange Capacity. One of the major considerations in selecting an ion ex-
change resin is the quantity of counterions that can be exchanged onto the resin.
This quantity is called the exchange capacity of the resin. The total capacity is
dependent on the quantity of functional groups on a resin bead. The exchange
capacity maybe reported as milliequivalents per gram of dry resin (meq/g) or as
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milliequivalents per milliliter of wet resin (meq/mL). The typical dry-weight ca-
pacity of a strong acid cation exchange resin falls in the range of 3.6 to 5.5 meq/g.
Typical wet-volume capacity is 1.8 to 2.0 meq CaCO;/mL.

Resin Particle Size. Particle size has two effects on the ion exchange process.
The rate of ion exchange decreases with increasing particle size. In contrast, the
headloss through the bed increases as the bead size decreases. Because excessive
pressure drops through the bed have the potential of causing physical damage to the
resin beads, the hydraulic requirements of the resin rather than the kinetics for ion
exchange govern the selection of the resin particle size. lon exchange resin beads are
spherical. They are produced in particle diameters ranging from0.04 to 1.0 mm. In
the United States, the particle sizes are sold by standard sieve screen or “mesh” sizes.

The common sieve size ranges used are 16 to 50 and 50 to 100. The smaller
number is the largest diameter sieve, and the larger number is the smallest diame-
ter sieve. The manufacturer’s specification is generally given the notation 16 x 50
or 50 x 100. Thus, for a 16 x 50 resin, all of the resin beads will pass the number
16 sieve, and none will pass the number 50 sieve.

Other data provided by the manufacturer includes the effective size (d10)
and the uniformity coefficient. The effective size is the mesh size that passes10
percent of a sieved sample. The uniformity coefficient is the ratio of the d60 to the
d10 resin sizes. These data are provided to facilitate hydraulic design.
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3.2.6 Process operation

To contact the water with the ion exchange resin, it is passed through a columnar

pressure vessel as shown in Figure 3.8. The water is passed through the column

until the effluent no longer meets the treatment objective. The column is then
regenerated.

* Service. The raw water is passed downward through the column until the
hardness exiting the column exceeds the design limits. The column is taken
out of service and another column is brought on line.

* Backwash. A flow of water is introduced through the underdrain. It flows up
through the bed sufficient to expand the bed by 50 percent. The purpose is to
relieve hydraulic compaction, and to move the finer resin material and frag-
ments to the top of the column and remove any suspended solids that have
accumulated during the service cycle.

* Regeneration. The regenerating chemical, for example, sodium chloride,
flows downward through the bed at a slow rate to allow the reactions to pro-
ceed toward complete regeneration.

» Slow rinse. Rinse water is passed through the column at the same flow rate as
the regenerating flow rate to push the regenerating chemical through the bed.

+ Fastrinse. This is a final rinse step. The fast rinse flows at the same flow rate
as the service flow rate to remove any remaining regenerating solution.

* Return to service. The column is put back in use.

3.3 Purified water stabilization

A stable water is one that exhibits neither scale forming nor corrosion properties. In
the water industry, a stable water is considered to be one that will neither dissolve
nor deposit calcium. The original objective of water stabilization was to adjust the
pH of the treated water to prevent corrosion of the water distribution system pipes
by depositing a thin film of calcium carbonate as a protective coating. Numerous
investigations have revealed that although the Langelier index (a method of calcu-
lating stability) is a reasonable predictor of the potential for CaCOj to precipitate
or dissolve, it does not predict how much CaCOx(s) will precipitate or whether its
structure will provide resistance to corrosion (Schock, 1999).

Although its validity as a method of corrosion protection is limited, the
Langelier index is still useful in predicting the potential for CaCO; to precipitate
or dissolve. This is particularly valuable in designing the processes to reduce
precipitation of CaCOj in the rapid sand filters and pipe network as well as those
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processes used to reduce the corrosivity of reverse osmosis/nanofiltration (RO/
NF) treated water.

The Langelier Saturation Index (LSI)
Langelier (1936) developed the following relationship to predict whether or not a
given water will deposit or dissolve CaCOs;:

LSI=pH - pHs

Where: pH is in the actual hydrogen ion concentration and pHs is the pH at satu-
ration. pHs is further defined as
pHs = pCa2* +pAlk + C

where: pCa2* = negative logarithm of the calcium on concentration, moles/L
pAlk = negative logarithm of the total alkalinity, equiv/L
C = an empirical constant to correct for ionic strength and the temperature
dependence of the solubility of CaCOj;(s)
The value of the constant depends from various ionic strengths (or total dis-
solved solids (TDS) concentrations) and temperatures.
The state of saturation with respect to CaCO5 depends on the LSI:
» Ifthe LSI <0, then the solution is undersaturatedandCaCOj; will dissolve.
» Ifthe LSI = 0, the solution is at equilibrium.
+ Ifthe LSI > 0, then the solution is supersaturated and CaCO5 will precipitate.
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Chapter 4
Membranes for Industrial Water Filtration and
Demineralization

4.1 General definitions of membrane processes

A membrane is a selective barrier. At times, it is also an outer covering of cell
or cell organelle that allows the passage of certain constituents and retains oth-
er constituents found in the liquid. The influent of a membrane is known as
the feed-stream, the liquid that passes through the membrane is known as the
permeate and the liquid containing the retained constituents is the retentate or
concentrate.

The concept of a membrane has been known since the eighteenth century, but
was used little outside of the laboratory until the end of World War II. Drinking
water supplies in Europe had been compromised by the war and membrane filters
were used to test for water safety. However, due to the lack of reliability, slow
operation, reduced selectivity and elevated costs, membranes were not widely ex-
ploited. The first use of membranes on a large scale was with micro-filtration and
ultra-filtration technologies. Since the 1980s, these separation processes, along

Figure 4.1. Schematic image of size based
membrane exclusion (Adapted from inter-
net http://www.separation processes. com/
Membrane)
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Figure 4.2 Common constituents removed by membrane processes. MF - microfiltration; UF -
ultrafiltration; NF - nanofiltration; RO - reverse osmosis. (Adapted from Metcalf and Eddy.2004).
Source: Davis, 2010.

with electrodialysis, are employed in large plants and, today, a number of experi-
enced companies serve the market.

The degree of selectivity of a membrane depends on the membrane pore size.
Depending on the pore size, they can be classified as microfiltration (MF), ultra-
filtration (UF), nanofiltration (NF) and reverse osmosis (RO) membranes. Mem-
branes can also be of various thicknesses, with homogeneous or heterogeneous
structure. Membranes can be neutral or charged, and particle transport can be
active or passive. The latter can be facilitated by pressure, concentration, chemi-
cal or electrical gradients of the membrane process. Membranes can be generally
classified into synthetic membranes and biological membranes.

4.2 Membrane processes classification
Microfiltration (MF)
Microfiltration removes particles higher than 0,08-2 um and operates within a
range of 7-100 kPa.[4] Microfiltration is used to remove residual suspended sol-
ids (SS), to remove bacteria in order to condition the water for effective disinfec-
tion and as a pre-treatment step for reverse osmosis.

Relatively recent developments are membrane bioreactors (MBR) which
combine microfiltration and a bioreactor for biological treatment.
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Table 4.1. Commonly used membrane techniques in industry. Source: Rosenberg 1995, Chil-
dress and Elemelech 2000, Pouliot 2000.

Type Pore size | Molecular Pressure and Compounds in Application in dairy
weight principle retentate industry
cut off
Microfiltration | 0.2-2 um | >200 kDa | Low pressure Low retentate, sep- - Skim milk and cheese
(below 2 bar) driven | aration of protein, - Dextrose clarification
membrane process | bacteria and other - Bacteria removal
particulates
Ultrafiltration | 1-500 1-200 kDa | Medium pressure Large retentate with | - Standardization of
(1-10 bar) pressure | casein micelles, fat milk, reduction of calci-
driven process globules, colloidal um and lactose
to overcome the minerals, bacteria and | - Protein. whey, milk
viscosity somatic cells concentration
Nanofiltration |0.5-2nm | 300-1,000 | Medium to high Low productivity, Desalting of whey,
Da pressure (5-40 separate monovalents | lactose free milk, volume
bar), mass transfer | salt and water reduction
phenomena by
size exclusion and
electrostatic inter-
actions
Reverse No pores | 100 Da High pressure, (10- | Based on the principle | Volume reduction,
0SMosis or 100 bar) of solubility, low recovery of total solids
hyperfiltration productivity and water

Ultrafiltration (UF)

Ultrafiltration removes particles higher than 0,005-2 pm and operates within a
range of 70-700kPa.[4] Ultrafiltration is used for many of the same applications
as microfiltration. Some ultrafiltration membranes have also been used to remove
dissolved compounds with high molecular weight, such as proteins and carbohy-
drates. In addition, they are able to remove viruses and some endotoxins.

Nanofiltration (NF)

Nanofiltration is also known as “loose” RO and can reject particles smaller than
0,001 um. Nanofiltration is used for the removal of selected dissolved constitu-
ents from wastewater. NF is primarily developed as a membrane softening pro-
cess which offers an alternative to chemical softening.

Likewise, nanofiltration can be used as a pre-treatment before directed re-
verse osmosis. The main objectives of NF pre-treatment are: (1). minimize par-
ticulate and microbial fouling of the RO membranes by removal of turbidity and
bacteria, (2) prevent scaling by removal of the hardness ions, (3) lower the oper-
ating pressure of the RO process by reducing the feed-water total dissolved solids
(TDS) concentration.
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Reverse osmosis (RO)

Reverse osmosis is commonly used for desalination. As well, RO is commonly
used for the removal of dissolved constituents from wastewater remaining after
advanced treatment with microfiltration. RO excludes ions but it requires high
pressures to produce deionizer water (850-7000 kPa).

4.3 Membrane configurations

In the membrane field, the term module is used to describe a complete unit com-

posed of the membranes, the pressure support structure, the feed inlet, the outlet

permeate and retentate streams, and an overall support structure. The principal
types of membrane modules are:

* Tubular, where membranes are placed inside a support porous tubes, and
these tubes are placed together in a cylindrical shell to form the unit module.
Tubular devices are primarily used in micro and ultra filtration applications
because of their ability to handle process streams with high solids and high
viscosity properties, as well as for their relative ease of cleaning.

* Spiral Wound, (Figure 4.3.) where a flexible permeate spacer is placed be-
tween two flat membranes sheet. A flexible feed spacer is added and the flat
sheets are rolled into a circular configuration.

« Hollow fiber, consists of a bundle of hundreds to thousands of hollow fibers. The
entire assembly is inserted into a pressure vessel. The feed can be applied to the
inside of the fiber (inside-out flow) or the outside of the fiber (outside-in flow).

Figure 4.3. Spiral wounded membrane configurations: (Adapted from internet http://www.
separation processes. com/Membrane/MT_FigGen10.htm)
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* Plate and frame consist of a series of flat membrane sheets and support plates.
The water to be treated passes between the membranes of two adjacent mem-
brane assemblies. The plate supports the membranes and provides a channel
for the permeate to flow out of the unit module.

* Ceramic and polymeric flat sheet membranes and modules. Flat sheet mem-
branes are typically built-into a submerged vacuum driven filtration systems
which consist of stacks of modules each with a number of sheets. Filtration
mode is outside-in where the water passes through the membrane and is col-
lected in permeate channels. Cleaning can be performed by aeration, back
wash and CIP.

The key elements of any membrane process relate to the influence of the follow-

ing parameters on the overall permeate flux are:

* The membrane permeability (k)

* The operational driving force per unit membrane area (Trans Membrane Pres-
sure, TMP)

* The fouling and subsequent cleaning of the membrane surface.

4.3.1 Flux, pressure, permeability
The total permeate flow from a membrane system is given by following equation:

Qp=Fyp-A
Where Qp is the permeate stream flowrate [kg's~1], Fw is the water flux rate
[kg'm~2-s-1] and A is the membrane area [m?]
The permeability (k) [m-s—2-bar-!] of a membrane is given by the next equation:

F,
k=
P, TMP
The transmembrane pressure (TMP) is given by the following expression:
(P;+ P.)
Prup = —5—-F,

where PTMP is the Transmembrane Pressure [kPa], Pf the inlet pressure of feed
stream [kPa]; Pc the pressure of concentrate stream [kPa]; Pp the pressure if per-
meate stream [kPa].

The rejection (r) could be defined as the amount of particles that have been
removed from the feedwater.
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(Cf = Cp) .
Cr

The corresponding mass balance equations are:

Q = Qp + Qc

Qr-Cr=Q-Cp+Qc-Ce
In order to control the operation of a membrane process, two modes, with respect
to the flux and to the TMP (Trans Membrane Pressure), can be used. These modes
are: (1) constant TMP and (2) constant flux.

The operation modes will be affected when the rejected materials and parti-
cles in the retentate tend to accumulate in the membrane. At a given TMP, the flux
of water through the membrane will decrease and at a given flux, the TMP will
increase, reducing the permeability (k). This phenomenon is known as fouling,
and it is the main limitation to membrane process operation.
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4.3.2 Dead-end and cross-flow operation modes

Two operation modes for membranes can be used. These modes are:

* Dead end filtration where all the feed applied to the membrane passes through
it, obtaining a permeate. Since there is no concentrate stream, all the particles
are retained in the membrane. Raw feed-water is sometimes used to flush the
accumulated material from the membrane surface.

* Cross-flow filtration where the feed water is pumped with a cross flow tan-
gential to the membrane and a concentrate and permeate streams are obtained.
This model implies that for a flow of feed-water across the membrane, only a
fraction is converted to permeate product. This parameter is termed “conver-
sion” or “recovery” (S). The recovery will be reduced if the permeate is further
used for maintaining processes operation, usually for membrane cleaning.

S s Qperruea!e - 1 _ Qconcentrate
Qfeed Qfﬁed

Filtration leads to an increase of the resistance against the flow. In the case of
dead-end filtration process, the resistance increases according to the thickness of
the cake formed on the membrane. As a consequence, the permeability (k) and
the flux rapidly decrease, proportionally to the solids concentration and, thus,
requiring a periodic cleaning.

For cross-flow processes, the deposition of material will continue until the
forces of the binding cake to the membrane will be balanced by the forces of the
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fluid. At this point, cross-flow filtration will reach a steady-state condition, and
thus, the flux will remain constant with time. Therefore, this configuration will
demand less periodic cleaning.

4.3.3 Fouling
Fouling can be defined as the potential deposition and accumulation of constitu-
ents in the feed stream on the membrane.

Fouling can take place through a number of physicochemical and biological
mechanisms which are related to the increase deposition of solid material onto
the membrane surface. The main mechanisms by which fouling can occur, are:

* Build-up of constituents of the feedwater on the membrane which causes a
resistance to flow. This build-up can be divided into different types:

Pore narrowing, which consists of solid material that it has been attached to

the interior surface of the pores.

Pore blocking occurs when the particles of the feed-water become stuck in the

pores of the membrane.

Gel/cake layer formation takes places when the solid matter in the feed is

larger than the pore sizes of the membrane.

* Formation of chemical precipitates known as scaling
* Colonization of the membrane or biofouling takes place when microorgan-
isms grow on the membrane surface.

4.3.4 Fouling control and mitigation

Since fouling is an important consideration in the design and operation of mem-

brane systems, as it affects pre-treatment needs, cleaning requirements, operating

conditions, cost and performance, it should prevented, and if necessary, removed.

Optimizing the operation conditions is important to prevent fouling. However,

if fouling have already take place, it should be removed by using physical or

chemical cleaning.

Physical cleaning techniques for membrane include membrane relaxation and

membrane backwashing.

* Back-washing or back-flushing consist of pumping the permeate in the re-
verse direction through the membrane. Back-washing removes successfully
most of the reversible fouling caused by pore blocking. Backwashing can also
be enhanced by flushing air through the membrane. Backwashing increase
the operating costs since energy is required to achieve a pressure suitable for
permeate flow reversion.
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Figure 4.4. Constant TMP and constant Flux operations (Adapted from http://www./
thumb/440px-Constant TMP_and_constant_Flux.jpg)

* Membrane relaxation consists of pausing the filtration during a period of
time, and thus, there is no need for permeate flow reversion. Relaxation al-
lows filtration to be maintained for longer period of time before the chemical
cleaning of the membrane.

* Back pulsing high frequency back pulsing resulting in efficient removal of
dirt layer. This method is most commonly used for ceramic membranes.

Recent studies have assessed to combine relaxation and backwashing for opti-
mum results.

Chemical cleaning.

Relaxation and backwashing effectiveness will decrease with operation time as

more irreversible fouling accumulates on the membrane surface. Therefore, be-

sides the physical cleaning, chemical cleaning may also be recommended. They
include:

* Chemical enhanced backwash, that is, a low concentration of chemical clean-
ing agent is added during the backwashing period.

* Chemical cleaning, where the main cleaning agents are sodium hypochlo-
rite (for organic fouling) and citric acid (for inorganic fouling). It should be
point out, though, that every membrane supplier proposes their own chemical
cleaning recipes, which differ mainly in terms of concentration and methods.

Optimizing the operation condition

Several mechanisms can be carried out to optimize the operation conditions of
the membrane to prevent fouling, for instance:
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Figure 4.5. Schematic process of dead-end and cross-flow filtration (Adapted from internet
http://www /Cross-flow.svg/300px-Cross-flow.svg.png)

Reducing flux. The flux always reduces fouling but obviously it impacts on
capital cost since it demands more membrane area. It consists of working at
sustainable flux which can be defined as the flux for which the TMP increases
gradually at an acceptable rate, such that chemical cleaning is not necessary.

Using cross-flow filtration instead of dead-end. In cross-flow filtration only a
thin layer is deposited on the membrane since not all the particles are retained
on the membrane, but the concentrate removes them.

Pre-treatment of the feed water is used to reduce the suspended solids and
bacterial content of the feed-water. Flocculants and coagulants are also used,
like ferric chloride and aluminum sulfate that, once dissolved in the water,
adsorbs materials such as suspended solids, colloids and soluble organic.

Applications

Distinct features of membranes are responsible for the interest in using them as
additional unit operation for separation processes in fluid processes. Some advan-
tages noted include:

Less energy-intensive, since they do not require major phase changes

Do not demand adsorbents or solvents, which may be expensive or difficult to
handle

Equipment simplicity and modularity, which facilitates the incorporation of
more efficient membranes

Membranes are used with pressure as the driving processes in membrane filtra-
tion of solutes and in reverse osmosis. In dialysis and pervaporation the chemical
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potential along a concentration gradient is the driving force. Also pertraction as a

membrane assisted extraction process relies on the gradient in chemical potential.
However, their overwhelming success in biological systems is not matched

by their application.[1] The main reasons for this are named

* Fouling — the decrease of function with use

* Prohibitive cost per membrane area

» Lack of solvent resistant materials

* Scale up risks
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Chapter 5
Electrochemical Water Purification for Industrial
Use

5.1 Electrodialysis for water purification
5.1.1 Electrodialysis method description
Electrodialysis (ED) is used to transport salt ions from one solution through
ion-exchange membranes to another solution under the influence of an applied
electric potential difference. This is done in a conFigureuration called an electro-
dialysis cell. The cell consists of a feed (diluate) compartment and a concentrate
(brine) compartment formed by an anion exchange membrane and a cation ex-
change membrane placed between two electrodes. In almost all practical electro-
dialysis processes, multiple electrodialysis cells are arranged into a conFigureur-
ation called an electrodialysis stack, with alternating anion and cation exchange
membranes forming the multiple electrodialysis cells. Electrodialysis processes
are different compared to distillation techniques and other membrane based pro-
cesses (such as reverse osmosis) in that dissolved species are moved away from
the feed stream rather than the reverse. Because the quantity of dissolved species
in the feed stream is far less than that of the fluid, electrodialysis offers the prac-
tical advantage of much higher feed recovery in many applications.

In an electrodialysis stack, the diluate (D) feed stream, brine or concentrate
(C) stream, and electrode (E) stream are allowed to flow through the appropriate
cell compartments formed by the ion exchange membranes. Under the influence
of an electrical potential difference, the negatively charged ions (e.g., chloride)
in the diluate stream migrate toward the positively charged anode. These ions
pass through the positively charged anion exchange membrane, but are prevented
from further migration toward the anode by the negatively charged cation ex-
change membrane and therefore stay in the C stream, which becomes concentrat-
ed with the anions. The positively charged species (e.g., sodium) in the D stream
migrate toward the negatively charged cathode and pass through the negatively
charged cation exchange membrane. These cations also stay in the C stream,
prevented from further migration toward the cathode by the positively charged
anion exchange membrane. As a result of the anion and cation migration, electric
current flows between the cathode and anode. Only an equal number of anion
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Figure 5.1. General technological scheme of electrodialysis process. (Adapted from internet
http://www.a-wpt.com/productssolutions/ edi.php)

and cation charge equivalents are transferred from the D stream into the C stream
and so the charge balance is maintained in each stream. The overall result of the
electrodialysis process is an ion concentration increase in the concentrate stream
with a depletion of ions in the diluate solution feed stream.

The E stream is the electrode stream that flows past each electrode in the
stack. This stream may consist of the same composition as the feed stream (e.g.,
sodium chloride) or may be a separate solution containing a different species
(e.g., sodium sulfate). Depending on the stack conFigureuration, anions and cati-
ons from the electrode stream may be transported into the C stream, or anions and
cations from the D stream may be transported into the E stream. In each case, this
transport is necessary to carry current across the stack and maintain electrically
neutral stack solutions.
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5.1.2 Anode and cathode reactions
Reactions take place at each electrode. At the cathode,

2e-+2H,0 — H, (g) +2 OH-
while at the anode,
H,0 -»2H"+% 0, (g) +2¢ or2Cl- — Cl, (g) + 2e-

Small amounts of hydrogen gas are generated at the cathode and small amounts
of either oxygen or chlorine gas (depending on composition of the E stream and
end ion exchange membrane arrangement) at the anode. These gases are typically
subsequently dissipated as the E stream effluent from each electrode compart-
ment is combined to maintain a neutral pH and discharged or re-circulated to a
separate E tank. However, some have proposed collection of hydrogen gas for use
in energy production.

5.1.3 Efficiency

Current efficiency is a measure of how effective ions are transported across the
ion exchange membranes for a given applied current. Typically current efficien-
cies >80% are desirable in commercial stacks to minimize energy operating costs.
Low current efficiencies indicate water splitting in the diluate or concentrate
streams, shunt currents between the electrodes, or back-diffusion of ions from the
concentrate to the diluate could be occurring.

Current efficiency is calculated according to:

d
6 — zFQf(C?ﬂlk‘f = Couifet)

NI
Where: é = current utilization efficiency; g = charge of the ion; F = Faraday
constant, 96,485 Amp-s/mol; Qf= diluate flow rate, L/s; C4 = diluate ED

inlet

cell inlet concentration, mol/L; C?,,,,, = diluate ED cell outlet ) concentration,

mol/L; N = number of cell pairs; I = current, Amps.

Current efficiency is generally a function of feed concentration.
5.1.4 Electrodialysis applications

In application, electrodialysis systems can be operated as continuous produc-
tion or batch production (Figure 5.2.) processes. In a continuous process, feed is
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Figure 5.2. Electrodialysis continues and batch production processes (Adapted from internet
http://www. electrodialysis)

passed through a sufficient number of stacks placed in series to produce the final

desired product quality. In batch processes, the diluate and/or concentrate streams

are re-circulated through the electrodialysis systems until the final product or
concentrate quality is achieved.

Electrodialysis is usually applied to deionization of aqueous solutions. How-
ever, desalting of sparingly conductive aqueous organic and organic solutions is
also possible. Some applications of electrodialysis include:

» Large scale brackish and seawater desalination and salt production.

* Small and medium scale drinking water production (e.g., towns & villages,
construction & military camps, nitrate reduction, hotels & hospitals)

*  Water reuse (e.g., industrial laundry wastewater, produced water from oil/
gas production, cooling tower makeup & blowdown, metals industry fluids,
wash-rack water)

* Pre-demineralization (e.g., boiler makeup & pretreatment, ultrapure water
pretreatment, process water desalination, power generation, semiconductor,
chemical manufacturing, food and beverage)

* Food processing
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» Agricultural water (e.g., water for greenhouses, hydroponics, irrigation, live-
stock)

* Glycol desalting (e.g., antifreeze / engine-coolants, capacit or electrolyte flu-
ids, oil and gas dehydration, conditioning and processing solutions, industrial
heat transfer fluids, secondary coolants from heating, venting, and air condi-
tioning (HVAC))

* Glycerin Purification

The major application of electrodialysis has historically been the desalination of
brackish water or seawater as an alternative to RO for potable water production
and seawater concentration for salt production (primarily in Japan).[4] In nor-
mal potable water production without the requirement of high recoveries, RO
(Reverse Osmosis) is generally believed to be more cost-effective when total
dissolved solids (TDS) are 3,000 parts per million (ppm) or greater, while electro-
dialysis is more cost-effective for TDS feed concentrations less than 3,000 ppm
or when high recoveries of the feed are required.

Another important application for electrodialysis is the production of pure
water and ultrapure water by electrodeionization (EDI). In EDI, the purifying
compartments and sometimes the concentrating compartments of the electrodial-
ysis stack are filled with ion exchange resin. When fed with low TDS feed (e.g.,
feed purified by RO), the product can reach very high purity levels (e.g., 18 MQ-
cm). The ion exchange resins act to retain the ions, allowing these to be trans-
ported across the ion exchange membranes. The main usage of EDI systems are
in electronics, pharmaceutical, power generation, and cooling tower applications.

5.1.5 Electrodialysis method limitations

Electrodialysis has inherent limitations, working best at removing low molecu-
lar weight ionic components from a feed stream. Non-charged, higher molecular
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weight and less mobile ionic species will not typically be significantly removed.
Also, in contrast to RO, electrodialysis becomes less economical when extreme-
ly low salt concentrations in the product are required and with sparingly con-
ductive feeds: current density becomes limited and current utilization efficiency
typically decreases as the feed salt concentration becomes lower, and with fewer
ions in solution to carry current, both ion transport and energy efficiency great-
ly declines. Consequently, comparatively large membrane areas are required to
satisfy capacity requirements for low concentration (and sparingly conductive)
feed solutions. Innovative systems overcoming the inherent limitations of elec-
trodialysis (and RO) are available; these integrated systems work synergistically,
with each sub-system operating in its optimal range, providing the least overall
operating and capital costs for a particular application.

As with RO, electrodialysis systems require feed pretreatment to remove spe-
cies that coat, precipitate onto, or otherwise “foul” the surface of the ion exchange
membranes. This fouling decreases the efficiency of the electrodialysis system.
Species of concern include calcium and magnesium hardness, suspended solids,
silica, and organic compounds. Water softening can be used to remove hardness,
and micrometre or multimedia filtration can be used to remove suspended solids.
Hardness in particular is a concern since scaling can build up on the membranes.
Various chemicals are also available to help prevent scaling. Also, electrodialysis
reversal systems seek to minimize scaling by periodically reversing the flows of
diluate and concentrate and polarity of the electrodes.

5.2 Electrodeionization (EDI)

5.2.1 Electrodeionization method description

Electrodeionization (EDI) is a water treatment technology that utilizes electrici-
ty, ion exchange membranes and resin to deionize water and separate dissolved
ions (impurities) from water. It differs from other water purification technologies
in that it is done without the use of chemical treatments and is usually a polish-
ing treatment to reverse osmosis (RO). There are also EDI units that are often
referred to as Continuous electrodeionization (CEDI) since the electric current
regenerates the resin mass continuously. CEDI technique can achieve very high
purity, with conductivity being below 0.1uS/cm.

Figure 5.3 shows a diagram of the internal process of an electrodeioniza-
tion device. Two electrodes are on either side of multiple EDI compartments,
which are known as diluting chambers and concentrating chambers. As water
flows through the EDI module and power is applied, there are three processes
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Figure 5.3. Typical electrodeionization device configuration with ion exchange resin and with-
out. (Adapted from internet http://www.cal-water.com/pdf/EDI_Info.pdf)

occurring simultaneously: The deionization process where the water is purified
by ion exchange; ion migration where the ions are removed from the resin; and
continuous regeneration of the resin.

In Figure 5.3, we see there are two types of chambers in an EDI device.
Diluting chambers (D-chambers) are the portion containing mixed bed ion ex-
change resin where water is purified or diluted of ions. Concentrating chambers
(C-chambers) are the areas where water is concentrated of ions, and becomes
waste water. The D-chambers contain both cation exchange resin and anion ex-
change resin. There are several different concentrate chamber designs; however
the most efficient EDI devices contain resin-filled concentrate chambers, known
as an “all filled” EDI design.

The D and C chambers are separated by ion exchange membranes. The mem-
branes are similar in material and charge to the ion exchange resin. For exam-
ple, cation exchange membranes only allow cations to pass, and anion exchange
membranes only allow anions to pass. Water and oppositely charged ions may not
pass across the ion exchange membrane used in EDI.

5.2.2 Deionization

Deionization is the removal of ions - both positively charged cations and nega-
tively charged anions. Cations are positively charged ions because they have a
loss of one or more electrons, very small negatively charged particles. For exam-
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Figure 5.4. Electrical deionization module view. (Adapted
from internet http://www. lenntech.com/library/edi/edi.htm)

ple, the sodium ion (Na") is positive because the ion lost one electron. Calcium
(Cat™) has twice the positive charge of sodium because it has lost two electrons.
Anions contain a negative charge because they contain one or more additional
electrons. The chloride ion (Cl-) is formed when chlorine gains one electron, and
oxide (O) has gained two electrons.

Figure 5.3 shows the ion exchange process. This is typical of all high purity
resin, including electrodeionization. The cation exchange resin is in the regener-
ated hydrogen (H+) form as the charged exchange sites are bonded with hydro-
gen ions. As the feed water contacts the resin, the contaminant cations such as
calcium, magnesium, sodium, potassium and ammonium have a higher affinity to
the site charges on a resin bead than a hydrogen ion. The cation exchange resin
releases a hydrogen ion to bond with the cation. Likewise, anion exchange resin
is in the regenerated hydroxide (OH-) form as the charged exchange sites are
bonded with hydroxide ions.

The contaminant anions — such as carbonate, bicarbonate, chloride, sulfate,
nitrate, fluoride, silica, boron and carbonic acid — have a higher affinity to the ani-
on exchange resin than hydroxide. The anion exchange resin releases a hydroxide
ion to bond with the anion. The released hydrogen and hydroxide ions bond to
form water. Water is purified, or deionized, by the removal of the cations and
anions as it flows through the mixed resin bed.
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5.2.3 Applications of EDI
When fed with low TDS feed (e.g., feed purified by RO), the product can reach
very high purity levels (e.g., 18 Megohms/cm). The ion exchange resins act to re-
tain the ions, allowing these to be transported across the ion exchange membranes.
The main usage of EDI technology such as that supplied by Ion pure, E-cell and
Snow Pure are in electronics, pharmaceutical, and power generation applications.
One important aspect in the water treatment application is that water to some
kinds of EDI needs to be free from CO,, since this in its dissolved form will put
unnecessary strain on the EDI unit and will reduce performance.

5.2.4 Theory of EDI

An electrode in an electrochemical cell is referred to as either an anode or a
cathode, terms that were coined by Michael Faraday. The anode is defined as the
electrode at which electrons leave the cell and oxidation occurs, and the cath-
ode as the electrode at which electrons enter the cell and reduction occurs. Each
electrode may become either the anode or the cathode depending on the voltage
applied to the cell. A bipolar electrode is an electrode that functions as the anode
of one cell and the cathode of another cell.

Each cell consists of an electrode and an electrolyte with ions that undergo
either oxidation or reduction. An electrolyte is a substance containing free ions
that behaves as an electrically conductive medium. Because they generally con-
sist of ions in solution, electrolytes are also known as ionic solutions, but molten
electrolytes and solid electrolytes are also possible. They are sometimes referred
to in abbreviated jargon as lytes.

Water is passed between an anode (positive electrode) and a cathode (nega-
tive electrode). lon-selective membranes allow the positive ions to separate from
the water toward the negative electrode and the negative ions toward the positive
electrode. High purity deionized water results.

Disadvantages

* EDI cannot be used for water having hardness higher than 1, since the cal-
cium carbonate would create a scab in the camera of the concentrated one,
limiting the operation

» It requires purification pretreatment

* Carbon Dioxide will freely pass through an RO membrane, dissociating and
raising the conductivity of water. Any ionic species formed from the carbon
dioxide gas will lower the outlet resistivity of the water produced by EDI.
The management of CO, in water is typically handled in one or two ways: the

68



[4] = [ +] " x
- - Porous electrode - Porous electrode

+ + Porous electrode + 4 Porous electrode

Figure 5.5. Adsorption and desorption of ions from the brackish water to desalinate water (left)
and to regenerate the electrodes (right) (Adapted from Porada et al. 2013)

pH of the water can be adjusted to allow the RO membrane to reject the ionic
species or the carbon dioxide can be removed from the water using a strip gas.

5.3 Capacitive Deionization process

Capacitive deionization (CDI) is a technology to deionize water by applying an
electrical potential difference over two porous carbon electrodes. Anions, ions
with a negative charge, are removed from the water and are stored in the posi-
tively polarized electrode. Likewise, cations (positive charge) are stored in the
cathode, which is the negatively polarized electrode.

Today, CDI is mainly used for the desalination of brackish water, which is
water with a low or moderate salt concentration (below 10 g/L). Other technol-
ogies for the deionization of water are, amongst others, distillation, reverse os-
mosis and electrodialysis. Compared to reverse osmosis and distillation, CDI is
considered to be an energy-efficient technology for brackish water desalination.
[2]This is mainly because CDI removes the salt ions from the water, while the
other technologies extract the water from the salt solution.[1][3]

Historically, CDI has been referred to as electrochemical demineralization,
“electrosorbtion process for desalination of water”, or electrosorption of salt ions.
It also goes by the names of capacitive desalination, or in the commercial litera-
ture as “CapDI”.

Adsorption and desorption cycles

The operation of a conventional CDI system cycles through two phases: an adsorp-
tion phase where water is desalinated and desorption phase where the electrodes
are regenerated. During the adsorption phase, a potential difference over two elec-
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trodes is applied and ions are adsorbed from the water. The ions are transported
through the interparticle pores of the porous carbon electrode to the intraparticle
pores, where the ions are electrosorbed in the so-called electrical double layers
(EDLs). After the electrodes are saturated with ions, the adsorbed ions are released
for regeneration of the electrodes. The potential difference between electrodes is
reversed or reduced to zero. In this way, ions leave the electrode pores and can be
flushed out of the CDI cell resulting in an effluent stream with a high salt concen-
tration, the so-called brine stream or concentrate. Part of the energy input required
during the adsorption phase can be recovered during this desorption step.

5.4 Membrane capacitive deionization

By inserting two ion exchange membranes, a modified form of CDI is obtained,

namely Membrane Capacitive Deionization. This modification improves the CDI

cell in several ways: [4]

* Co-ions do not leave the electrodes during the adsorption phase, as described
above (see lon adsorption in Electrical Double Layers for explanation). In-
stead, due to the inclusion of the ion exchange membranes, these co-ions will
be kept in the interparticle pores of the electrodes, which enhance the salt
adsorption efficiency.

* Since these co-ions cannot leave the electrodes and because the electroneu-
trality condition applies for the interparticle pores, extra counter-ions must
pass through the ion-exchange membranes, which give rise to a higher salt
adsorption as well.
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* Operating MCDI at constant current mode can produce freshwater with a sta-
ble effluent concentration (see constant voltage vs. constant current for more
information).

* The required energy input of MCDI is lower than of CDI.

5.5 Cell geometries

Flow-by mode

The electrodes are placed in a stack with a thin spacer area in between, through
which the water flows. This is by far the most commonly used mode of operation
and electrodes, which are prepared in a similar fashion as for electrical double
layer capacitors with a high carbon mass loading.

Flow-through mode

In this mode, the feed water flows straight through the electrodes, i.e. the water
flows directly through the interparticle pores of the porous carbon electrodes.
This approach has the benefit of ions directly migrating through these pores,
hence mitigating transport limitations encountered in the flow-by mode.

Flow-electrode capacitive deionization

This geometrical design is comparable to the flow-by mode with the inclusion
of membranes in front of both electrodes, but instead of having solid electrodes,
a carbon suspension (slurry) flows between the membranes and the current col-
lector. A potential difference is applied between both channels of flowing carbon
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slurries, the so-called flow electrodes, and water is desalinated. Since the carbon
slurries flow, the electrodes do not saturate and therefore this cell design can be
used for the desalination of water with high salt concentrations as well (e.g. sea
water, with salt concentrations of approximately 30 g/L). A discharging step is
not necessary; the carbon slurries are, after leaving the cell, mixed together and
the carbon slurry can be separated from a concentrated salt water stream.

Capacitive deionization with wires

The freshwater stream can be made to flow continuously in a modified CDI con-
Figureuration where the anode and cathode electrode pairs are not fixed in space,
but made to move cyclically from one stream, in which the cell voltage is applied
and salt is adsorbed, to another stream, where the cell voltage is reduced and salt is
released.

Electrode materials for CDI

For a high performance of the CDI cell, high quality electrode materials are of
utmost importance. Carbon is the choice as porous electrode material. Regarding
the structure of the carbon material, there are several considerations. As a high
salt electrosorption capacity is important, the specific surface area and the pore
size distribution of the carbon accessible for ions should be large. Furthermore,
the used material should be stable and no chemical degradation of the electrode
(degradation) should occur in the voltage window applied for CDI. The ions
should be able to move fast through the pore network of the carbon and the con-
ductivity of the carbon should be high. Lastly, the costs of the electrode materials
are important to take into consideration.

Nowadays, activated carbon (AC) is the commonly used material, as it is the
most cost efficient option and it has a high specific surface area. It can be made
from natural or synthetic sources. Other carbon materials used in CDI research
are, for example, ordered mesoporous carbon, carbon aerogels, carbide-derived
carbons, carbon nanotubes, graphene and carbon black. Recent work argues that
micropores, especially pores < 1.1 nm are the most effective for salt adsorption
in CDI.

Energy requirements

Since the ionic content of water is demixed during a CDI adsorption cycle, the
entropy of the system decreases and an external energy input is required. The
theoretical energy input of CDI can be calculated as follows:
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Where: - R is the gas constant (8.314 J mol~! K1), - T the temperature (K),
D, o5 - the flow rate of the fresh water outflow (m¥/s), Cfeed - the concentra-
tion of ions in the feed water (mol/m3) and Cfresh - the ion concentration in the
fresh water outflow (mol/m3) of the CDI cell. & - is defined as Cp,p/Cqp -and
B - as Crog/Cope» With Ceonc - the concentration of the ions in the concentrated
outflow.

In practice, the energy requirements will be significantly higher than the the-
oretical energy input. Important energy requirements, which are not included in
the theoretical energy requirements, are pumping, and losses in the CDI cell due
to internal resistances. [f MCDI and CDI are compared for the energy required
per removed ion, MCDI has a lower energy requirement than CDI.

Comparing CDI with reverse osmosis of water with salt concentrations lower
than 20 mM, lab-scale research shows that the energy consumption in kWh per
m3 freshwater produced can be lower for MCDI than for reverse osmosis.
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Chapter 6
Ultra Pure Water Systems

6.1 Ultra pure water definitions

Ultrapure water, also known as “UPW” or “high-purity water”, is water that has
been purified to uncommonly stringent specifications. Ultrapure water is a com-
monly used term in the semiconductor industry to emphasize the fact that the
water is treated to the highest levels of purity for all contaminant types, including:
organic and inorganic compounds; dissolved and particulate matter; volatile and
non-volatile, reactive and inert; hydrophilic and hydrophobic; and dissolved gases.

UPW and commonly used term Deionized water “DIW” are not the same. In
addition to the fact that UPW has organic particles, and dissolved gases removed,
a UPW system includes a “Polishing” loop, the most expensive part of the treat-
ment process. The standards will be revised whenever the semiconductor indus-
try develops new line widths, thereby keeping the guidelines current

A number of organizations and groups develop and publish standards asso-
ciated with the production of UPW. One of them for microelectronics and pow-
er, they include Semiconductor Equipment and Materials International (SEMI).
Pharmaceutical plants follow water quality standards as developed by two main
pharmacopeias, United States Pharmacopeia and European. The most widely
used requirements for UPW quality are “Standard Guide for Ultra-Pure Water
Used in the Electronics and Semiconductor Industries” [1] and “Guide for ul-
trapure water used in semiconductor processing”.[2]

Bacteria, particles, organic and inorganic sources of contamination vary de-
pending on a number of factors including the feed water to make UPW as well as
the selection of the piping materials to convey it. Bacteria are typically reported
in colony-forming units (CFU) per volume of UPW. Particles use number per
volume of UPW. Total organic carbon (TOC), metallic contaminates, and anionic
contaminates are measured in dimensionless terms of parts per notation, such as
ppm, ppb, ppt and ppq.

Bacteria have been referred to as one of the most obstinate in this list to con-
trol.[3] Techniques that help in minimizing bacterial colony growth within UPW
streams include occasional chemical or steam sanitization (which is common in the
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pharmaceutical industry), ultrafiltration (found in some pharmaceutical, but mostly
semiconductor industries), ozonation and optimization of piping system designs
that promote the use of Reynolds Number criteria for minimum flow [4] along with
minimization of dead legs. In modern advanced UPW systems positive (higher than
zero) bacteria counts are typically observed in the newly constructed facilities. This
issue is effectively addressed by sanitization using ozone or hydrogen peroxide.
With proper design of the polishing and distribution system no positive bacteria
counts are typically detected throughout the life cycle of the UPW system.

Particles in UPW are the bane of the semiconductor industry, causing defects
in sensitive photolithographic processes that define nanometer sized features. In
other industries their effects can range from a nuisance to life-threatening de-
fects. Particles can be controlled by use of filtration and ultrafiltration. Sources
can include bacterial fragments, the sloughing of the component walls within the
conduit’s wetted stream and also the cleanliness of the jointing processes used to
build the piping system.

TOC in UPW can contribute to bacterial proliferation by providing nutrients,
can substitute as a carbide for another chemical species in a sensitive thermal pro-
cess, react in unwanted ways with biochemical reactions in microbioprocessing
and, in severe cases, leave unwanted residues on production parts. TOC can come
from the feed water used to produce UPW, from the components used to convey
the UPW (additives in the manufacturing piping products or extrusion aides and
mold release agents), from subsequent manufacturing and cleaning operations of
piping systems or from dirty pipes, fittings and valves.

Metallic and anionic contamination in UPW systems can shut down enzymatic
processes in bioprocessing, corrode equipment in the electrical power generation
industry and result in either short or long-term failure of electronic components
in semiconductor chips and photovoltaic cells. Its sources are similar to those of
TOC’s. Depending on the level of purity needed, detection of these contaminants
can range from simple conductivity (electrolytic) readings to sophisticated in-
strumentation such as ionchromatography (IC), atomic absorption spectroscopy
(AA) and inductively coupled plasma mass spectrometry (ICP-MS).

6.2 Ultra pure water quality standards for electronics and semiconductor-in-
dustry manufacturing.

Different levels of quality are required for a vast range of applications, therefore
different grades of water must be purified and utilized to match the required pro-
cedures or appliances.
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Recommendations for water quality related to electronics and semiconduc-
tor-industry manufacturing. Seven classifications of water are described, includ-
ing water for line widths as low as 0.032 micron. In all cases, the recommenda-
tions are for water at the point of distribution (POD).

Water is used for washing and rinsing of semiconductor components dur-
ing manufacture. Water is also used for cleaning and etching operations, making
steam for oxidation of silicon surfaces, preparing photo masks, and depositing
luminescent materials. Other applications are in the development and fabrication
of solid-state devices, thin-film devices, communication lasers, light-emitting di-
odes, photo-detectors, printed circuits, memory devices, vacuum-tube devices, or
electrolytic devices.

It is used in other areas of the electronics industry in a similar fashion, such as
display manufacturing, production of discrete components, such as LEDs or the
manufacturing of crystalline silicon photovoltaic’s but the cleanliness require-
ments in the semiconductor industry are currently the most stringent.

Significance:

1 High-purity water is required to prevent contamination of products during
manufacture, since contamination can lead to an unacceptable, low yield of
electronic devices.

2 The range of water purity is defined in accordance with the manufacturing
process. The types of ultra-pure water are defined with respect to device line
width. In all cases, the water-quality recommendations apply at the point of
distribution. (POD)

3 The limits on the impurities are related to current contamination specifications
and to available an