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Disclaimer ‘é
The findings in this report are not to be construed as an official

Department of the Army position unless so designated by other authorized
documents.
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INTRODUCTION AND APPROACH

Design of high purity water systems is successful only when the quality
ana quantity of the high purity water desired are defined and when factors
which may influence design are recognized and understood. It is to this
end that the information in this report is compiled.

The term "high purity water" used throughout the report is defined
as any water of a quality superior to that defined in the National Interim
Primary Drinking Water Regulations, or any potable water receiving addi-
tional treatment (such as water softening). A summary of the Regulations
is in Table 1 with appropriate reference. "High purity water system" is
defined to consist of high purity water production, distribution, and
storage facilities.

This report is not a design manual. Specific design details are
not addressed. The information presented is intended to supplement
technical and other criteria used for design. This report does define
or identify items which should be considered in design. To that extent
it will overlap to some degree with formal design criteria.

There is no best high purity water treatment method for the general
situation. Final selection of a treatment system will be a function of
particular circumstances. An effort is made in this report to outline
the options which are available in order to give the designer a full array
of viable alternatives. Considering all the factors, being aware of the
options, and deciding upon the quantity and quality of high purity to be
produced will result in the best design for the production of high purity
water.

OBJECTIVE

The objective of this report is to present information which should
be considered during the design or specification of high purity water
production systems in health care facilities and laboratories.

WATER QUALITY
General

The ultimate objective of producing a known quality high purity water
is to insure the health of the user is not threatened and/or that the
accuracy of analytical tests is not impaired. A second objective related
to the first is to supply acceptable quality water to user equipment to
allow it to perform its primary function satisfactorily and efficiently.
An example of direct-user equipment is the kidney dialysis machine. An

i —




TABLE 1. SUMMARY OF NATIONAL INTERIM PRIMARY DRINKING WATER REGULATIONS |

A. MAXIMUM CONTAMINANT LEVELS (MCL) - INORGANIC CHEMICALS

? Chemi cal MCL (mg/1)
Arsenic 0.05 j
Barium 1.0 |
Cadmium 0.010
Chromium 0.05
Lead 0.05
Mercury 0.002
Nitrate (as N) 10.0

1 Selenium 0.01 3
Silver 0.05

Fluoride (naturally occurring)

53.7°F and below 2.4
53.8 - 58.3°F 2.2
58.4 - 63.8°F 2.0 E
- 63.9 - 70.6°F 1.8
70.7 - 79.2°F 1.6
. 79.3 - 90.5°F 1.4
B. MAXIMUM CONTAMINANT LEVELS (MCL) - ORGANIC CHEMICALS
Chemical MCL (mg/1)
J Chlorinated hydrocarbons 0. 0002
Endrin 0.004
Lindane 0.1
] Methoxychlor 0.1
: Toxaphene 0.005
: Chlorophenoxys
; 2’4"0 0.]
2,4,5-TP (Silvex) 0.01
C. MAXIMUM CONTAMINANT LEVELS (MCL) - RADIONUCLIDES
b Chemical MCL (picocuries/1)
E Natural
! Gross alpha activity 15
Radium 226 + radium 228 5
6
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Chemical MCL (picocuries/1)
Man-made

Gross beta activity 50

Tritium 20,000

Strontium-90 8

D. MAXIMUM CONTAMINANT LEVELS - TURBIDITY

Monthly average - 1 turbidity unit (TU) or 5 TUs with state approval
provided it does not interfere with disinfection, maintenance of chlorine
residual, or bacteriological testing.

2-Day average - 5 TUs.
E. MAXIMUM CONTAMINANT LEVELS - MICROBIOLOGICAL CONTAMINANTS?

—

Less than 20 More than 20

Coliform Method Per Month Samples per Month Samples per Month
Membrane filter Number of coliform bacteria shall not exceed:
(100 m1 portions) 1/100 ml 4/100 m1 in one 4/100 m1 in 5% of

Average density sample all samples
Multiple tube Coliform bacteria shall not be present in more than:
fermentation

10% of portions 3 portions in 3 portions in

one sample 5% of samples

a. The regulation allows substitution of chlorine residual readings for
bacteriological tests when state approved. See regulation for details.

NOTE: Consult the regulation for detailed sampling frequencies, reporting,
and record keeping requirements.

Regulation: Environmental Protection Agency - Water Programs "National
Interim Primary Drinking Water Regulations," Federal
Register, Part IV, Vol. 40, No. 248, pp. 59566-59588
(December 24, 1975) and Environmental Protection Agency -
Drinking Water Regulations "Radionuclides," Federal
Register, Part II, Vol. 41, No. 133, pp. 28402-28405
(July 9, 1976).




example of indirect-user equipment is an atomic adsorption spertro-
photometer. A less obvious example of indirect-user equipment 1s an ion
exchange column or distillation unit.

When designing high purity water production systems, their water pre-
treatment requirements are often overlooked. As a result, such indirect-
user equipment (including storage and transfer facilities) perform unsat-
isfactorily and the primary objective of health or analytical accuracy is
compromised. The poor performance of this equipment is normally due to
failure of removing impurities which impede its operation. These impuri-
ties cause unwanted corrosion, deposition, structural defects, and ulti-
mately malfunctions. They cause erroneous measurements by analytical
equipment.

The section discussing unit operations identifies common impurities
which affect indirect user equipment (high purity water treatment equip-
ment. The section discussing uses of water for medical facilities and
laboratories does the same for direct user equipment. The section dis-
cussing storage and distribution takes the reverse approach. It discusses
how the indirect user equipment (distribution lines and storage tanks)
affect the purity of the water. The reader is referred to these sections
for specifics. It is important to remember that water - especially high
purity water - is an excellent solvent. It has a tendency to dissolve
components of structures containing it and the atmosphere surrounding it.

Influent Quality

Influent quality refers to quality of the source water entering the
high purity water treatment train. The most apparent reason to charac-
terize influent water quality is to allow proper selection and sizing of
high purity water treatment equipment. When this is done the effluent
high purity water meets specified criteria and may be used as intended.

An equally important reason to characterize influent water quality is
to identify and quantify impurities or conditions which adversely affect
operation of the treatment equipment itself. A summary of those factors
which commonly affect high purity water operations is given in Table 2.
This table is not intended to be all encompassing but rather highlights
some important considerations.

The multiple considerations about high purity water use and proper
high purity water production equipment design require a thorough analysis
of the influent water. The influent water must be fully characterized to
insure that all water production equipment design options are realized
and the most efficient design is adopted. Table 3 1ists common compon-
ents of a desirable influent water quality analysis. Analyses of several
samples taken over a period of time is necessary to insure that the water
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TABLE 2. IMPURITIES AFFECTING THE EFFICIgNCY OF SEVERAL
WATER TREATMENT OPERATIONS

Water Treatment Operation Impurity or Condition

Reverse osmosis High temperature
g High and low pH
Suspended solids
l Bacteria
; Hardness
% Chlorine (for polyamide membranes)

i Ion exchange Suspended solids
‘ Bacteria
Organics
Iron
Silica
Carbon dioxide

Distillation Hardness
Alkalinity
Carbon dioxide

Carbon adsorption Suspended solids
Bacteria
High pH

Filtration Suspended solids

a. In sufficient quantities or at extreme values these impurities may
coat, deposit, foul, corrode, interfere with the primary function,
contaminate, or otherwise affect the treatment operation efficiency.

characterized is representative of that to be expected at the site. If a
surface source of water is used, characterization spanning each season of
the year is desirable. Detailed analyses of non-representative water
samples are of no value. When possible, comparison of levels of impuri-
ties measured with data available at the tap water treatment plant is
desirable to create a confidence that the water samples are indeed repre-
sentative. Although the types of data gathered at water treatment plants
are limited, the measurements taken are usually made routinely over long
periods of time which is the true test of water characterization.
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TABLE 3. SUGGESTED INFLUENT WATER QUALITY ANALYSES®

Cations Anions Otherb

Calcium Bicarbonate Methy1 orange (total)
alkalinity

Magnesium Carbonate Phenolphthalgin
alkalinity

Sodium Hydroxy1 pH range

Manganese Sulfate Turbidity

Potassium Chloride Total dissolved solids

Iron Nitrate Hardness

Silica (as Si0,) Suspended solids
Free carbon di%xide Chlorine residual

Phosphate Temperature range
Fluoride Color
Total cations (as CaC03) Total organic carbon

Standard plate count

a. Methods for the analyses of these constituents may be found in
"Standard Methods for the Examination of Water and Wastewater”
(American Public Health Association) or "Methods for Chemical Analyses
of Water and Wastes" (Environmental Protection Agency).

b. Other tests measuring sanitary quality, wastewater strength, and tests
measuring heavy metals should also be considered.

c. Methyl orange and phenolphthalein alkalinity encompass bicarbonate,
carbonate and hydroxyl anion concentration.

Effluent Quality

Effluent quality refers to quality of the water leaving the high
purity water treatment train. The effluent is the high purity water.
The purity Tevel requirements of the water depend on the intended use or
the selected quality criteria. For industrial activities and to a lesser
extent analytical activities, the process or procedure using the high
purity water establishes which impurities cannot be tolerated. For such
cases, treatment design and effluent standards are centered on them. For
multiple uses such as in health care or when there are a large number of
analytical procedures and methods, broader, more general criteria are
normally adopted (which in turn may require more elaborate and expensive
treatment equipment to meet them). The most common water criteria are
discussed below.

American Chemical Society (ACS) Standards. These Standards are designed
to 1imit impurities most commonly interfering with chemical analysis and

10




physical testing of water. Procedures for conducting all evaluation tests
are described in the specifications. Methods of high purity water produc-
tion are specified. ACS Standards are summarized in Table 4.

TABLE 4. SUMMARY OF AMERICAN CHEMICAL SOCIETY SPECIFICATIONS FOR
REAGENT WATER (ACS STANDARDS)

A. WATER QUALITY REQUIREMENTS

Maximum specific conductance, micromho/cm at 25°C 2.0
Maximum silicate (as Si0,), ppm 0.01
Maximum heavy metals (as“Pb), ppm 0.01
Substances reducing permanganate pass test

B. WATER PRODUCTION REQUIREMENTS

Water must be distilled or deionized.

Standard: "Reagent Chemicals-American Chemical Society
Specifications," 5th ed., Washington, DC (1974).

American Society for Testing and Materials (ASTM) Standards. The
ASTM Standards are also designed to 1imit impurities interfering with
chemical and physical testing of water. They are more comprehensive than
the ACS Standards in that they include a bacteriological quality require-
ment. Methods of test procedures are described. Detailed methods of high
purity water preparation are specified. Uses for the various types of
reagent grade water are discussed. ASTM Standards are summarized in
Table 5.

College of American Pathologists (CAP) Specifications. CAP Water
Specifications go beyond listing specifications and describing test
procedures. The specifications also outline methods of quality control
useful when testing, handling, and sampling the water. Frequency of test-
ing is discussed, as is the significance of the several impurities listed.
Recommended uses for the various types of reagent grade water are outlined
in detail. The CAP Water Specifications are a useful, concise exercise in
high purity water rational and criteria. They are especially appropriate
for clinical and pathology laboratory work. Information contained in the
specifications is valuable whether or not the specific impurity limiting
criteria is followed. CAP Water Specifications are summarized in Table 6.

N




TABLE 5.

SUMMARY OF AMERICAN SOCIETY FOR TESTING AND MATERIALS

SPECIFICATIONS FOR REAGENT WATER (ASTM STANDARDS)

A. WATER QUALITY REQUIREMENTS

Water Grade G
Specification Type I Type 11 Type III Type IV
Maximum total matter, 0.1 0.1 1.0 2.0
mg/1

Maximum specific 0.06 1.0 1.0 5.0
conductance
micromho/cm at 25°C

Minimum specific 16.66 1.0 1.0 0.20

resistance

megohm-cm at 25°C
pH at 25°C 6.8-7.2 6.6-7.2 6.5-7.5 5.0-8.0
Minimum color retention 60 60 10 10

time of potassium

permanganate minutes

Bacteriological quah‘tya None Sterile and None None
specified pyrogen free specified specified

as produced
B. WATER TREATMENT, STORAGE AND DISTRIBUTION REQUIREMENTS

Preparationb

Pretreatment Pretreat As No No
until dis- required
tillation
(treatment)
feed has a
max. conduct-
ance < 20
micromho/cm
at 25°C.

Treatment Shall con- Distillation Ion exchange Ion exchange
sist of dis- or reverse 0smosis or
tillation osmosis or distillation
followed discillation or electro-
by polish- followed by dialysis
ing with a 0.45 micron
mixed bed membrane
of ion- filters
exchange
materials
plus 0.20
micron mem-

brane filters.

12




Water Grade

Specification Type I Type 11 Type III Type IV
Storage Block tin Block tin Borosilicate Borosilicate
Quartz Quartz glass giass,
TFE- TFE- polyethy- stainless
fluoro- fluorocarbon lene, PVC steel
carbon polyethylene,
PVC polyester-
reinforced
fiberglass
Protection Yes Yes Yes No
from
atmospheric
gases

C. WATER USE RECOMMENDATIONS

Used where Used where a Used for Used in pro-
maximum high degree general cedures ’
accuracy and of freedom laboratory requiring
precision is from contami- testing large amounts
indicated nation is of water of
desired Hut moderate
where Type I purity;
water is not particularly
specified for the make

up of synthetic
test solutions

a. If sterility is required following storage, Type II water must be bottled and
heated to 120°C for 20 minutes. Pyrogen-free Type Il water must be tested in
conformance with requirements of USP Standards. These precautions are taken
to avoid possible contamination from storage.

b. A1l methods presume operation on a potable water supply free of suspended
matter.

Standard: "Annual Book of ASTM Standards," Part 31, Water (Std. D-1193),
American Society for Testing and Materials, pg. 40-42 (July 1974).

13 {
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! TABLE 6.

Type I

Atomic absorption,
photometry, flame
photometry,
enzymology,
electrolyte deter-
mination, inorganic
ion determinations
blood, gas, and
pH determination,
reference buffer
solutions

In general: for
maximum accuracy
and precision

B.

SUMMARY OF COLLEGE OF AMERICAN PATHOLOGISTS STANDARDS
f FOR REAGENT GRADE WATER (CAP STANDARDS)
| A. WATER QUALITY REQUIREMENTS
‘ a Water Grade
‘ Specification Type I Type II Type III
Maximum specific conductance, 0.1 2 5
micromho/cm
Minimum specific resistance, 10 0.5 0.2
megohm-cm
Maximum silicate, 0.01 0.01 0.01
mg/1
Maximum heavy metals, 0.01 0.01 0.01
mg/1 as Pb
Permanganate reduction pass test pass test pass test
Specification Level
Ammonia, mg/i b < 0.1
Carbon dioxide, mg/1 <3
Culture Interpretation
Hardness Negative
pH 6.0 - 7.0
Sodium, mg/1 < 0.1 mg/1

WATER USE RECOMMENDATIONS

Type 11

May use where chemical
procedures do not
specifically require
Type I water.

May include many of
procedures under
Type I depending
on circumstances
except atomic
adsorption.

Most hematological,
serological and
microbiological
procedures

Type III

General laboratory testing

Most qualitative analysis
procedures

Most urinalysis, parasi-
tology and histological
procedures

Rinsing glassware

fications.

a. Testing must be accomplished frequently enough to insure a constant
supply of reagent grade water that meets the requirements and speci-

b. Reagent water used in certain procedures should be free of carbon
dioxide or dissolved gases.

c. CAP outlines a colorimetric screening test showing positive or nega-
tive results for the presence of Ca or Mg ions.

NOTE: CAP spells out additional details with respect to sample gathering,
measurment, handling, storage, and frequency of testing.
Standard: A.R. Stier, L.K. Miller, and R.J. Smith, "Reagent Water,"
College of American Pathologists (CAP-2500-4-74), 3rd
Printing, Chicago, IL (1974).
14
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United States Pharmacopeia (USP) Standards. Unlike other water stand-
ards, USP emphasizes pass/no pass or endpoint type tests rather than allow-
able concentrations (with a few exceptions). Furthermore, water is not
classified by type. It is classified by use. References to the USP occur
in several federal statutes, the most significant being the recognition of
the USP definitions and standards in the Food, Drug, and Cosmetic Act.

A1l tests are describecd by USP or an appropriate reference is given. The
USP water use classifications are described in detail and general treat-
ment operations are specified. USP Standards are summarized in Table 7.

National Committee for Clinical Laboratory (NCCLS) Standards. NCCLS
Standards represent wnat NCCLS believes to be the minimum quality for
water used in the clinical laboratory. They incorporate what are con-
sidered the best features of the ASTM, CAP, USP, and ASTM Standards. In
addition to outlining specifications and describing test procedures, NCCLS
Standards discuss frequency of testing, storage and handling procedures,
and define the scope of the impurities. The format is similar to that
used in the CAP Water Specifications. NCCLS Standards outline methods
for high purity water production and recommended uses for two types of
reagent grade water are discussed. NCCLS Standards are summarized in
Table 8.

Standard Methods for the Examination of Water and Wastewater.
Standard flethods discusses high purity water requirements for the prepa-
ration of culture media used in bacteriological examination of water.
Only distilled or demineralized water which has been tested and found
free from traces of dissolved metals and bactericidal or inhibitory com-
pounds is specified for preparation of culture media and reagents.
Although specific 1imiting concentrations are left to the discretion of
the investigator, the discussion names compounds which frequently are the
cause of nutrient contamination, examines their source, and suggests pre-
cautionary measures to be taken.

The Clinical Laboratories Improvement Act of 1967 does not have
requirements regarding specifications for high purity water. The act
addresses the areas of personnel standards, proficiency testing, and
quality control. This latter area has to do with insuring that adequate
facilities, equipment, and proper maintenance are available in the
laboratory.

Because these aforementioned criteria are designed to provide general
guidelines for a host of high purity water uses, they must be reviewed to
ascertain whether they adequately encompass specific situations. For
instance, specifications for bacteriological quality in the most common
high purity water quality criteria are 1imited or poorly defined. If
bacteriological quality is of prime importance, more detailed guidelines
may be needed. De Roos and Straub have outlined bacteriological quality

15
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TABLE 7. SUMMARY OF UNITED STATES PHARMACOPEIA XIX (USP STANDARDS)
A. WATER USE AND REQUIRED TESTS®
Bacteriostatic
Water for Water for Sterile Water Sterile Water Purified
Injection Injection for Injection for Irrigation Water
Pyrogen pH Chloride Chloride pH
Chloride Oxidizable Oxidizable Chloride
Total solids substances substances Sulfate
Antimicrobial Total Total Ammoni a
agents solids solids Calcium
Pyrogen Pyrogen Pyrogen Carbon dioxide
Sterility Sterility Sterility Heavy metals
Oxidizable
substances
Total solids
Bacteriological
purity

B. WATER USE DEFINITIONS

Water for Injection - clear, colorless, odorless liquid. Intended for use as
a solvent for the preparation of parenteral solution. Prepared by dis-
tillation or reverse osmosis and contains no added substances.

Category: Pharmaceutic aid (solvent).

Bacteriostatic Water for Injection - clear, colorless, odorless or having the
odor of the antimicrobial substance. It is sterile water for injection
containing one or more suitable antimicrobial agents. Prepared by distilla-
tion or reverse osmosis. Category: Pharmaceutical aid (Sterile vehicie).

Sterile Water for Injection - clear, colorless, odorless liquid. It is water
for injection sterilized and suitable packaged and contains no anti-
microbial agent. Prepared by distillation or reverse osmosis.

Category: Pharmaceutical aid (solvent).

Sterile Water for Irrigation - clear, colorless, odorless liquid. It is
jdentical to sterilec water for injection but has its peculiar packaging,
storage, and labeling requirements. Category: Irrigating solution;
pharmaceutical aid (solvent).

Purified Water - clear, coloriess, odorless liquid. Cannot be used in prepara-
tions intended for parenteral solutions. Prepared by distillation,
jon-exchange, reverse osmosis or other suitable process. Category:
Pharmaceutical aid (solvent).

a. A1l tests are described in USP or an appropriate reference is given. USP
emphasizes pass/no pass or endpoint type tests rather than allowable
concentrations.

b. In addition to those listed, it meets the requirements of the other tests
under Purified Water with the exception of the test for bacteriological
purity.

c. In addition to those listed, it meets the requirements of the other tests
under Purified Water with the exception of those for ammonia, oxidizable
substances, and bacteriological purity.

d. In addition to those listed, it meets the requirements of the other tests
under Purified Water with the exception of the test for bacteriological

purity.

"Pharmacopeia of the United States of America," 19th revision,
United States Pharmacopeial Convention, Washington, DC (1975).

Standard:
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: TABLE 8. SUMMARY OF NATIONAL COMMITTEE FOR CLINICAL LABORATORY STANDARUS
(NCCLS STANDARDS)

A. WATER QUALITY REQUIREMENTS

: Specification??0s¢ Type I Type 11

E : Total bacterial count, colonies/liter 104 105

K Particulate matter, micrometers (maximum) 1.0 1.0
Permanganate time at 25°C, minutes (minimum) 60 10
pH N/A 5.5 = 7.5
Resistivity at 25°C, megohms-cm 10 0.5
Silicate, mg/] SiO2 (maximum) 0.05 0.1

B. WATER PRODUCTION REQUIREMENTS:

1. Type I water production may be based on any of the first three of the
following in combination with one of the last two processes:

a. distillation

b. deionization

C. reverse osmosis

d. activated carbon

e. membrane filtration

2. Type II water can be produced by any of the above methods provided it
meets specifications.

C. WATER USE RECOMMENDATIONS

1. Type I - Use in tests requiring minimum interference and maximum
accuracy such as:

Atomic adsorption spectrophotometry

. Enzymatic procedures affected by silica or bacteria
Electrophoresis procedures

. Buffer solutions (may also require C0O, - free water)
Direct reading flame photometer procedures

TOo0oo
. . .

2. Type II - Use for general laboratory testing and glassware rinsing.

a. A1l specifications are stated for water as measured at time of produc-
tion. The resistivity of Type I water must be measured in-line; all
other specifications relate to samples measured off-line.

b. The maximum time interval of the testing cycle for qualifying the
purity of the reagent water should be 1 week.

c. Manufacturers of in vitro diagnostic products and scientists using
clinical laboratory testing procedures should specify any additional
interferences which must be avoided such as heavy metals, ammonia,
and carbon dioxide.

Standard: "Reagent Water Specification and Test Methods for Water
Used in the Clinical Laboratory - Proposed Standard:
PSC-3," National Committee for Clinical Laboratory
Standards, Washington, DC (1976).
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criteria and uses for research and health care facilities.* Information
was based on an extensive review of the literature, interviews with scores
of investigators, and data collected on various types of high purity water
treatment systems. Table 9 outlines their suggested bacteriological cri-
teria for high purity water use.

Other water quality impurities which common high purity water criteria
generally ignore or are not specific about are heavy metal content, trace
organics, numbers and sizes of particles, and dissolved gases. If these
impurities can adversely affect intended high purity water use, additional
criteria need to be determined and suitable water production facilities
designed. Biomedical research laboratories must especially be aware of
such potential impurities when doing tiological and biochemical research.
Such research includes growth of cell cultures, bacteria and fungi,
production of enzyres, analyses of amino acids, and microscopic studies
of tissues and cells.

UNIT OPERATIONS
General

This section contains information about the most common high purity
water treatment operations. Information about their performance, their
limitations, and other design and selection considerations are presented
so0 the potential user can better chaose the treatment process best suited
for him. Within the discussions, the several unit operations are also
compared to each other.

In a given situation, two or three high purity production schemes or
treatment trains will appear to be able to produce the necessary high
purity water quality desired in the quantities needed. Traditional
engineering approaches then concentrate on the cost/benefit ratios of
each production scheme. Although dollar figures are not used, general
comparisons are made among the appropriate treatment operations with
respect to energy usage and the effect of influent water quality and
quantity on high purity water production.

The potential for expansion of or increased production by the treat-
ment operation and its associated cost must also be considered when
evaluating alternative treatment systems. Similarly, operation and
maintenance costs need to be taken into account in any specific situa-
tion. Operation and maintenance costs include considerations about
on-site control needed during treatment, costs of treatment, and
nedia replacement or regeneration. Degree of operator training, and

* DeRoos, R.L. and C.P. Straub, "Study of Critical Quality Requirements
for High Purity Water in Biomedical Research and Medical Care Facilities
at the National Institutes of Health," NIH Research Report (Dec 1973).
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safety and health aspects must also be taken into account. Information
with respect to these considerations is discussed below.

Ion Exchange
Description

1) General. Ion exchange is the displacement of ions of one species
attached to an insoluble exchange material by ions of a different species
in solution when that solution is brought into contact with the exchange
material. The exchange behaves as a chemically reversible interaction
and exchange materials are regenerable.

The exchange material or ion exchange resin is made up of an elastic
three dimensional hydrocarbon network (polymer) to which is attached a
functional ion active group. The functicnal group is ionic and is bal-
anced with an oppositely charged mobile anion or cation available for
exchange.

The degree of acidity or basicity of a resin is controlled by using
different functional groups. Similarly, the anion or cation available
for exchange determines the type of regeneration.

Displacement of ions is a function of jonic concentration and chemi-
cal equilibria. For equal concentrations the relative order in which
jons generally displace other ions is listed in Table 10.

2) Resin Classifications

a) Strongly Acidic Cation Exchangers. Such cation exchangers are
characterized by their salt splitting ability. Sulfonic acid (HSO3 )
is the functional group. The resin may be sodium or acid (hydrogen)
regenerated and exchange works well in all pH ranges.

Sodium cycle ion exchange is used for water softening. Hardness pro-
ducing ions of calcium and magnesium, and to a lesser extent ions of iron,
manganese, and aluminum are exchanged for sodium ions on the resin. A
typical reaction involving a resin (R™) is:

+. .- ++ -
CaSO4 + 2Na R <> Ca R2 2 Na2504
Ordinary salt is used for regeneration. Table 11 relates hardness to
alkalinity as well as showing other associated relationships.

Hydrogen cycle ion exchange is used for water softening, dealkalizing,
and demineralization. Cations in solution are exchanged for hydrogen
jons on the resin, frequently with an increase in carbon dioxide. Typi-
cal reactions are:
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TABLE 10. DISPLACEMENT SERIE§ FOR AN
ION EXCHANGE MATERIAL
Cations Anions
+4++ =
La SO4
Y+++ cro =
++ -
Ba NO3
SY‘++ A 0 =
02 S74
Ca++ Po4 =
M -
9+ MoO4
Cs 1"
Ro* c1”
& £
Na* OH™
Lit
H+

a. For dilute solutions of equal concen-
tration, ion species appearing low in
the series are displaced from the
exchange material by species listed
high in the series.
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TABLE 11.

WATER HARDNESS RELATIONSHIPS

: Cations
++
hardnessa Ca++ carbonate or tempoTary hardness
Mg soft deposits
3
+
Na
"028 & neutral salt
hardness

manganese.

a. Also considered as minor hardness producing ions are iron and

b. Salts of weak acids and some biologically resistant organic acids
(example, humic acid) also contribute to alkalinity.
c. These are hardness-associated anions which contribute to mineral

water acidity.

acidity. Carbon dioxide is the principal source of natural

Source: Fair, G.M. and J.C. Geyer, "Water Supply and Wastewater
Disposal," John Wiley & Sons, Inc., New York (1967).
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Mg (HC05),

Caso, + H'R Ca++R2' + H,S0

2774

Effluent from the process has a depressed pH and will normally go through
some process to raise pH such as anion exchange, neutralization, decar-
bonation, or deaeration. Carbon dioxide removal by vacuum deaeration is
preferred over decarbonation because stripping increases the potential

of introducing new impurities in the water and increases dissolved oxygen
content (promoting corrosion). Regeneration is with a mineral acid and so
safety precautions are needed to handle and store the acid. Sulfuric
acid is not preferred because of precipitation problems which can occur
as calcium sul fate, coating the resin. Operation of the process is sen-
sitive to influent water quality but it does not add sodium to the water.

+ 2H'R™ e Mg TR, + 2H,C05 € H 0 + co,

b) Weakly Acidic Cation Exchangers. Carboxylic groups (COOH) are
normally the functional group. Weak acid cation exchangers are highly
selective for multivalent cations over monovalent cations. They do not
operate efficiently at pH less than five and, therefore, cannot split
salts effectively. Weakly acidic cation exchangers are used primarily
for softening and dealkalizing, usually in conjunction with a strongly
acidic polishing resin. A typical reaction is:

Mg (HCO

3)2 » + 2H2C03<—> H20 + CO2

Treated effluent has a depressed pH and dissolved carbon dioxide. Depend-
ing on finished water criteria, pH may have to be neutralized or CO2 may
have to be removed as discussed previously. Regeneration is with a
mineral acid and is more efficient than with strongly acidic exchangers.

+ 20 o MgTR

c) Strong Base Anion Exchangers. Quaternary ammonium compounds
serve as the functional group. The resin may be chloride or hydroxide
regenerated.

In the chloride cycle, the strong base exchanger acts as a dealkalizer.
Alkalinity of the water is removed without the use of an acid. Anions in
solution are exchanged for chloride anions on the resin. Influent to
this dealkalizing process usually needs to be softened because hard water
gives marginal results. Typical reactions are:

2NaHCO

+ !
2 CO3 + 2NaCL + H C03<-+ H,0 + CO

+ R o R ’ 5 5

3

o R fi o
Na2504 + 2R C1 «—»Rz SO4 + 2NaCl

Regeneration is with sodium chloride. Caustic soda (NaOM) may also be
added to increase the pH which can become depressed from dissociation
of carbonic acid. Significant concentrations of chloride ions in the
feedwater lessen effectiveness of the resin by diminishing favorable
equilibrium.

23
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In the hydroxide cycle, the strong base exchanger replaces anions
in solution with hydroxide anions from the resin. This action has the
effect of splitting neutral salts and neutralizing acids. Both strong
and weak inorganic acids (such as carbonic acid as C02 or silica acid
as Si0,) may be removed if caustic soda is used for regeneration.

Remova? may proceed via ion exchange or absorption:

F + - Fe
Na2504 + 2R OH <—>R2 SO4 + NaOH

* = +.. -
H2504 + 2R OH 6—>R2 SO4 + H20

€0, + R'OH™ € R"HCO,™
Strong base anion exchange functions well in all pH ranges and is used
for water demineralization. Regeneration is with a strong alkali.

d) Weak Base Anion Exchangers. Primary, secondary, and tertiary
ammonium groups serve as the functional group or exchange site. They
will not split salts and absorb only strong (mineral base) acids. As
a result they do not remove carbonic or silica acids, but are more
efficient in what they do than the more generalized strong base resins.
A typical reaction is:

H2504 + 2R <—>R2H2504
Regeneration is with caustic soda, soda ash (Na,C0,), or ammonia (NH,).
Regeneration is more efficient than for strong gas resins. In demiher-
alization, they are used in conjunction with strong base resins to reduce
regeneration costs and scavenge organics.

3) Other Exchange Operations and Uses. Intermediate acid cation
exchangers and intermediate base anion exchangers are sometimes used
for ion exchange. Not surprisingly, they are designed to have prop-
erties of both strong and weak functional groups.

Intermediate acid cation exchangers have phosphoric acid or some
derivative as the functional group and are regenerated with acid. Inter-
mediate base anion exchangers contain both strong and weak base resins.
Their behavior is dependent on the strong to weak base resin mix and
whether they are regenerated with caustic soda, soda ash, or ammonia.

There are a number of highly porous and adsorbent strong base anion
exchangers which can adsorb organic matter such as humic acid and then
be regenerated with sodium chloride. Unlike the gelular structure of
standard resins, these macroreticular resins have discrete pores and are
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a modification of the original polystyrene divinylbenzene anion exchangers.
Such systems are put at the head of a treatment train to protect the
demineralizing resins following them.

Ion exchange resins can also be employed as insoluble, inert bases
foir chemical groups whose specific properties are then used. A common
example is removal of dissolved oxygen in water using an anionic resin

charged with 505 jons which are oxidized to so;.

Limitations. Ion exchange removes electrolytes from solution. When
properly designed, it can remove hardness producing ions (soften), bicar-
bonate ions (dealkalize), or nearly all ionizable materials (deionize or
demineralize) as desired. It is this last operation which is normally
desired in high purity water production.

The ion exchange operation will not remove non-electrolytes (with
exceptions noted previously). Thus, ion exchange is not designed to
remove 0ils, detergents, many organic compounds, small particulates or
microorganisms. These contaminants can foul the ion exchange resin,
undermine its effectiveness, and pass through to the product water. When
they are present in significant quantities, some form of pretreatment or
other high purity water production methods must be considered.

Organic fouling rarely occurs on cation exchange resins but may occur
on anion exchangers by organic precipitation. Anion exchange resins
attract negatively charged particles which include many organic com-
pounds. Fulvic, tannic, and humic acids are most common. Weak base
anion exchangers are more resistant to effects of organic fouling and
are sometimes employed as an organic scavenger for the more sensitive
strong base anion resins downstream.

Organic precipitation on the resin also serves as a nutrient for
microbial growth. Ammonia and nitrates in the water will also support
such growth. Although there is no 1oss in exchange capacity (i.e., no
chemical degradation of the resin), microbial growth will result in
reduced exchange efficiency and increased pressure drop along the bed.
Most importantly it will contaminate product water. Product water quality
must be monitored regularly and appropriate control measures taken. For
a centralized system this means constant recirculation of water through
the resins and periodic chlorination, such as each time the bed is
regenerated. Localized systems need to be disinfected regularly by mak-
ing up some appropriate disinfecting solution and allowing it to sit about
an hour in the column. If bacteria overwhelms the resin bed, cleaners and
bactericides cannot penetrate the protein sheath and the resin must be
replaced.

25
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Colloidal and particulate material can coat ion exchange resins or

pass through the resin bed. Pieces of damaged resin may also pass through.

When a1l particulate removal is necessary, ion exchange should be followed
by microfiltration. Non-ionic gases such as dissolved oxygen are also not
removed by ion exchange.

Iron fouling may occur when insoluble ferric ions coat the surface of
resin due to removal by filtration. Another mechanism is to have soluble
ferrous ions attacin to anion resin sites and be subsequently oxidized to
insoluble ferric form, fouling the bed interior. Iron fouling results in
reduced bed capacity, inefficient regeneration, and faster resin break-
through. It is more likely to occur on anion resins than cation resins,
expecially on strong base anion exchangers in the hydroxide form. Pre-
treatment considerations include oxidation with subsequent filtration, hot
or cold time softening, or ion exchange. Ion exchange for iron removal
is normally considered economical when water production rates are less
than 400 gallons per minute.

Other water constituents which may foul ion exchange resins when pre-
sent in sufficient amounts are silica (when greater than approximately
20 mg/1 as CaC03), copper, and aluminum. Pretreatment of these con-
stituents is normally by hot or cold 1ime softening in large operations
or by ion exchange for smaller operations (which is the case for most high
purity water systems). Calcium sulfate fouling may occur when a bed con-
taining calcium is regenerated with sulfuric acid and a proper rinse is
not executed before placing the bed back into operation. During regen-
eration the solubility of calcium sulfate is almost always exceeded.

Carbon dioxide affects resin capacity. Strong base anion exchangers
can remove CO, but consideration should be given to decarbonation if the

quantities o CO2 are large requiring frequent regeneration. Carbon
dioxide also Towers the pH of the water which may be undesirable.

Design and Selection Considerations

1) Water Quality. In general, design and selection of the ion
exchange treatment operation depends on the quality of the influent and
effluent water, the water feed rate, and capital and operational costs.
These factors affect the amount and frequency of regenerant dosage and
the leakage which can be tolerated compared to the finished quality
desired.

Information which should be known about the influent water to the
jon exchange unit is summarized in Table 3. Other measurements depend
on specific constituents which may interfere with the use of the fin-
jshed water. More generally, sizing of ion exchange units is especially
concerned with the total dissolved solids, total ionizable solids, hard-
ness, and alkalinity.
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Leakage is appearance of ions in the effluent which are desired to be
removed. Leakage varies with the composition cf the influent water and
the rate of regeneration of the ion exchange resin. Practically speaking,
there is always some leakage. The magnitude of leakage which can be
tolerated (the base line leakage) depends on the desired quality of the
finished water. Thus, leakage must be measured routinely and provides
a convenient way to monitor effluent quality. Table 12 outlines parameters
which should be measured routinely in the effluent water according to
different ion exchange operations.

TABLE 12. MINIMUM SUGGESTED LFFLUENT WATER QUALITY MEASUREMERTS
FOLLOWING ION EXCHANGE

Ion Exchange Operation Meas urement®

Strongly acidic cation exchangers, Hardnessb

sodium cycle (softening)

Strongly acidic cation exchangers, hydrogen Aciditg,c pH,b b
cycle (partial deionization) sodium’ (or nardness)
Weakly acidic cation exchangers hagdness,b aIkalinity,b
(dealkalizing) pH

Strong base anion exchangers, chloride Alka]initx.b pH,b
cycle (dealkalizing) chlorides

Strong base anion exchangers, hydroxide Aciditg,b pH,c

cycle (partial deionization) silica

Weak base anion exchangers (absorption Acidity,b pHc

of strong acids)

Cation-anion exchange (deionization Conductivity,b TDSb
or demineralization)

a. Additional specific measurements of effluent water quality are a
function of its intended use.

b. Increases as resin is depleted.

c. Decreases as resin is depleted.
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2) Equipnent Operation and Configuration. An objective of equipment
operation is to operate such that regenerant utilization is a minimum.
Common operation is semi-batch, concurrent operation. Water continuously
flows down through stationary resins. Regeneration of the resins, also
downflow, is at specified intervals. A variation of this is the counter-
current technique which employs downflow service and upflow regeneration
(or vice versa). In continuous operation, part of the resin is always
moving out in frequent (“continuous") pulses to be regenerated elsewhere
while regenerated resin is continuously pulsed into the ion exchange
vessel. Continuous systems give increased regenerant utilization over
fixed resin beds and require reduced resin inventories.

Equipment configurations depend on the treatment desired. Several
ion exchange processes have been developed to fill the most common require-
ments and are discussed below.

a) Sodium zeolite softening. Sodium zeolite softening employs the
strongly acidic cation exchangers in the sodium cycle. Although higher
capacity organic resins have replaced the zeolite, they are still referred
to as zeolite softeners. Operation of zeolite softeners is simple and
efficient. Variations in raw water flow rate have little effect. Zeolite
softeners have a low investment cost and lend themseives to easy automatic
control. Regeneration is normally with a 10 percent salt solution.

b) Softening and dealkalization: sodium zeolite - hydrogen zeolite
split stream. In this type of treatment, incoming source water is split.
Part of the water goes through a strongly acidic cation exchanger in the
sodium cycle and the remainder goes through a strongly acidic exchanger
in the hydrogen cycle. The sodium zeolite exchanger efficiently softens
the water. The hydrogen zeolite exchanger softens and produces mineral
acids to neutralize the alkalinity in the water. Alkalinity is converted
to unstable carbonic acid which is easily removed by degasification.
Typical reactions are:

Ca(HC03)2 + 2Na'R” G—bCa++Rz' + 2NaHCO, sodium zeolite softening
Mgso, + MR MgHRZ' + H,S0, hydrogen zeolite softening
2NaHC03 Ao H2504 e—)Na2504 + 2H2C03'*—>602 ns H20 neutralization

Desired alkalinity of the treated water is maintained by varying the per-
centage of sodium and hydrogen treated water in the blend.
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c) Softening and dealkalization: sodium zeolite - chloride anion
dealkalization. Influent water goes through a strongly acidic exchanger
in the sodium cycle to remove hardness, then through a strong base anion
exchanger in the chloride cycle to remove alkalinity. Typical reactions
are:

Ca(HC05), + 2Na'R™ > cat'R,” + 2naHCO

2 3

NaHCO., + 2R'C1™ <> NaCl + R+HCO3

3

Initial costs of this type of softening/dealkalization are higher than

sodium-hydrogen zeolite split stream softening/dealkalization. However,

the process involves no handling of acids and readily lends itself to

automatic control. {

d) Softening and dealkalization: weakly acidic cation exchangers.
This process involves only calcium and magnesium ions associated with
alkalinity and was illustrated earlier. The cations are exchanged for
hydrogen ions. The resulting unstable carbonic acid can be removed
by degasification. Best results are found with hard, alkaline, low ,
sodium waters.

e) Demineralization. Demineralization (deionization) combines cation
and anion removal and is frequently used synonymously with ion exchange.
Demineralization changes metal salts to their acids with an appropriate
cation (usually hydrogen) exchanger, then removes the acid by exchanging
it with an appropriate anion (usually hydroxide) exchanger. Thus, cation
removal is always followed by anion removal and may use any of the ion }
exchange operations discussed above. In general, the larger number of
beds in series, the better quality of water resulting. Table 13 shows
some typical demineralization treatment trains using multiple beds and
also lists appropriate comments. It should also be noted that selected
resins can remove carbon dioxide, chlorine, ammonia, and other ionizable
gases and act as pre- or post-treatment operations.

Table 13 also illustrates the use of mixed beds. Mixed beds combine
cation and anion resins in a single vessel. For small operations, mixed
beds are economically attractive and no deaeration is needed. They are
frequently used as a polisher following primary deionization systems but
may be used in lieu of multiple bed exchangers.

Mixed beds act 1ike an infinite number of cation and anion exchangers
in series. As a result, they are capable of producing a finished water
of high ionic purity and near neutral pH. Quality of the finished water
remains constant throughout the cycle. Regeneration of the mixed bed
requires segregation of the anions and cations followed by remixing with
compressed air.
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TABLE 13.

TYPICAL DEMINERALIZATION TREATMENT TRAINS

DEMINERALIZER SYSTEM

APPLICATION

TYPICAL EFFLUENT

ADVANTAGES AND
DISADVANTAGES

I
mk
!SA;;:\;WB‘

Silica and CO, are not
objectionable.

Specific conductance 10-30
micromhos,
Silica unchanged.

Low equipment and regen-
erant costs.

N
{SA{AWB A D

S Rt | e

Silica 1s not objectionable
but CO, removal s re-
quired

Specific conductance 10-20
micromhos,
Silica unchanged.

Low regenerant costs, but
requires repumping.

Low alkalinity raw water,
silica removal required.

+

| micromhos,
Silica 0.02 to 0.10 ppm.

Low equipment costs, re-
pumping not required, high
chemical costs.

High alkalinity, raw water,
silica removal required.

Specific conductance 5-15
micromhos,

|
I
! Specific conductance 5-15
i
|
! Silica 0.02 to 0.10 ppm.

=

Low chemical costs, re-
pumping is required.

High alkalinity, sulfate and
chioride raw water, Silica
removal required

|
I
i
i

| Specific conductance 5-15
micromhos,
Silica 0.02 to 0.10 ppm.

Low chemical costs, high
equipment costs, repump-
ing required.

e e e
WA A SA!A; D A:wa,A‘sef
e S,

High hardness, alkahnity,
sulfate and chloride raw
water., Silica removal re-
quired.

Specific conductance 5-15
micromhos,
Silica 0.02 to 0.10 ppm.

Lowest chemical cost, high

equipment cost,
ing required.

repump-

High alkalinity, high sod-
um raw water, high purity
treated water required.

Specific conductance 1-5
micromhos,
Silica 0.01 to 0.05 ppm.

Low chemical costs, high
equipment costs, repump-
ing raquired.

Low solids, raw water, high
purity treated water re-
quired.

Specific conductance is less
than 1 micromho,
Sitica 0.01 to 0.05 ppm.

Low equipment cost, high
chemucal cost.

High alkalinity and dissolv-

ed solids raw water, high
purity treated water re-
quired.

Specific conductance is less
than 1 micromho,
Silica 0.01 to 0.05 ppm.

Lower chemical cost, high-
er equipment cost, requires
repumping.

KEY
STRONGLY [~ WEAKLY
SA! ACIDIC WA| Acioic
| HYorOGEN | WAl WypbROGEN
L_J caTion L caTion
Source:

(
we :AESAEKANlON sB

"Betz Handbook of Industrial Water Conditioning," 6th Betz
Laboratories, Inc., Trevose, PA (1976).
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The cost of ion exchange operations is roughly proportional to the
concentration of ionized impurities. Generally, regeneration is more
economical than replacement if the pure water production is expected to
be greater than 1 gpm. If less, it is advantageous to use disposable
cartridges. When total dissolved solids of the influent water exceed
1000 mg/1 or if total ionizable solids exceed 300 mg/1, pretreatment by
reverse 0simosis or treatment alternatives such as distillation must be
considered.

Department of the Army Technical Manual (TM) 5-813-3 Water Supply,
Water Treatment discusses criteria to be followed in determining the
necessity for and extent of treatment at Army installation and refer-
ences related publications on the subject.

Reverse 0smosis

Description. Reverse osmosis is a membrane separation operation in
which water molecules pass through a semi-permeable membrane but solute
molecules are retained. Reverse osmosis operation depends on a pressure
driving force to overcome the natural osmotic pressure caused by the
dissolved salts in the water. With existing membranes and equipment,
operating pressures vary from atmospheric to 1500 psig. Typical operat-
ing pressures are in the neighborhood of 600 psig.

Salt rejection by reverse osmosis membranes is a physical-chemical
phenomenon which involves repulsion of ions from the surface of the mem-
brane and adsorption and subsequent diffusion of pure water through the
membrane. Higher valence ions are repelled furthest away from the mem-
brane. Thus, divalent ions such as calcium are rejected somewhat better
than monovalent ions like sodium. Generally, salt rejection by reverse
osmosis may vary from 85 to over 95 percent.

Neutral organics in the wastewater have no charge and therefore there
is no electrical interaction between them and the membrane. Rejection of
such organics by reverse osmosis molecules is based on a sieve mechanism
and is related to the size and shape of the organic molecule. Organic
molecules tend to lower the interfacial tension between the solution and
the membrane. This allows lower molecular weight molecules to pass
through membrane pores which are about 0.02 um to 0.05 um wide and a
function of feed flow and pressure. Organic molecules having molecular
weights less than approximately 200 can be expected to pass through the
membrane. Molecules with higher weights can be expected to be rejected.
Thus, Tow molecular weight alcohols, fatty acids, phenolic compounds and
formaldenyde will pass through; sugars, bacteria, pyrogens and viruses
are rejected. Organic rejection will vary from 0 to 100 percent depend-
ing on the size of the organic compound and upon the degree of ionization
of the compound (especially in the case of organic acids and bases).
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Incorporation of membranes into effective hardware has resulted in
various types of equipment classified as follows:

1) Spiral Wound. A porous membrane is folded over a porous incom-
pressible backing material and wrapped around a water takeoff tube. This
assembly is then placed inside a pressure vessel.

2) Tubular Modules. Membranes are formed in the shape of a cylinder
and inserted into porous fiber glass reinforced epoxy tubes approximately
one-half inch in diameter.

3) Multiple Plate. Membranes are placed in a unit similar to a plate
and frame filter press.

4) Hollow Fiber. Hollow fibers 50 um 0.D. and 25 um I.D. are packed
into a cylindrical shell resembling a tube heat exchanger. The input
water, under high pressure, flows over the outside surface. Treated
water (permeate? is collected inside the fiber bore. Concentrated
organics remain outside and are removed as brine (concentrate).

Cellulose acetate is the most common membrane material. Hollow
fiber reverse osmosis configurations use an aromatic polyamide material
related to nylon as the membrane material.

Limitations. Cellulose acetate membranes are pH sensitive. Acetate
radicals will be quickly hydrolyzed outside a pH range of approximately
4-8 giving straight cellulose which has no salt rejection capacity.
Polyamide fibers are stable over a wider pH range. Polyamide membranes,
however, will degrade in the presence of chlorine and cannot be used to
treat waters having chlorine residuals.

Membranes soften as temperature increases. Above approximately 100°F,
membrane compaction rates become significant and flux decline occurs.
High operating pressures, especially above 500 psig, also contribute to
gradual membrane compaction and flux decline.

Reverse osmosis membranes are expendable. Hydrolysis, flux decline,
and physical weakening make it necessary to replace membranes periodically.
Cellulose acetate membranes are usually replaced every 2-3 years. Poly-
amide fibers, with their superior chemical and physical properties, are
usually replaced every 3-5 years.

Like other unit operations, large concentrations of suspended solids
may foul the membrane filters. Spool wound fiber or paper cartridge fil-
ters are almost always used before the membrane filter and are designed
to remove particles larger than 5-25 um from the influent water. Colloi-
dal turbidity may have to be removed by filtration assisted by coagulation/
flocculation.
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Bacteria concentrations must be controlled. Cellulose acetate is
fairly resistant to bacterial attack, but some strains can actually digest
the cellulose acetate reducing its salt rejection capacity. Polyamide
fibers are more resistant to bacterial attack. Large growths of bacteria
can impair flow. HMicroorganisms may be controlled by maintaining a con-
stant chlorine (for cellulose acetate) or formaldehyde concentration in
the feed. Formaldehyde sterilization is desirable because it can pass
through the membrane and sterilize both sides.

Reverse osmosis membranes do not reject non-ionized forms of gases
well. Examples of such gases commonly found in water or wastewater are
oxygen, carbon dioxide, and hydrogen sulfide.

Precipitation of calcium carbonate can foul the membrane. This prob-
lem is normaily taken care of by maintaining pH between 5 and 6 which
promotes bicarbonate formation from the carbonate ion. Calcium sulfate
causes similar problems but pretreatment is more difficult because the
solubility is relatively unaffected by pH changes. When relatively large
quantities of hardness producing anions or cations not amenable to pH
control are present, other means of softening must be considered. This
includes hot and cold lime softening, ion exchange, and chelation or
sequestration.

Iron and manganese behave similarly to hardness producing ions and
in adequate amounts can cause serious fouling. Precipitation occurs
upon oxidation of their soluble (OUS) forms to higher insoluble oxida-
tion states of hydrous ferric and manganese oxides. Usual pretreatment
is to oxidize them to insoluble form and then filter them out. An alter-
native is to reduce existing insoluble ions to (ous) forms with a reduc-
ing agent such as sulfite and keep them in solution. Deoxygenation of
the influent can be employed to prevent re-oxidation.

Precipitation is a reversible limitation of reverse osmosis membranes.
Deposits can usually be removed with a cleaning compound which acts within
the pH limits of the membrane (caustic cleaning agents cannot be used).
Surface coating of the membrane pores by oil is also reversible. For such
cases an 0il dispersion agent must be used.

It is important to recognize the practical aspects of reverse osmosis
equipment. Pinholes may develop in the spiral wound membrane sheets.
Small Teaks may appear in the glued seams of the seals. Some of the
million or so hollow fibers may break in their cylindrical shell. For
reverse osmosis membranes to work perfectly they must be formed and pack-
aged perfectly. Thus, actual treatment efficiency will be less than poten-
tial treatment efficiency because of mechanical imperfections. For exampie,
it may be expected that some bacteria, pyrogens or virus will get through
the membrane. If biologically pure water is required, distillation, micro-
filtration, or sterilization including electronic (ultraviolet) water
sterilization should be considered for post RO treatment.
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Design and Selection Considerations

1) Water Quality. Table 3 outlines suggested influent water quality
analyses. Removal of wastewater constituents which may Tower membrane
flow-through efficiency has already been discussed. Potential contami-
nants were suspended and colloidal solids which may coat and foul the
membrane and scale-producing ions which may precipitate out. As influent
water quality is improved, time increases between cieaning cycles. Water
production and water quality improves. The decision about the extent of
pretreatment is dependent on its cost compared to the benefits gained.
Pre-filters to remove most particulate matter are commonly installed
before membrane separation at the beginning of the treatment train.

Effluent water quality is commonly measured with a conductivity meter
which measures ionic purity. Additional specific contaminants are meas-
ured as required according to product water use.

2) Equipment Operation and Configuration. The most successful mem-
brane equipment configurations for commercial purposes are spiral wound
and hollow fiber. Spiral wound cellulose acetate membranes have a high
membrane surface area per unit volume ratio which is desirable. They are
usually installed in series in their pressure housing. Spaces between
membrane sheets are large enough to allow membranes to be readily cleaned
when necessary. Flow through the filter is relatively turbulent and can
dislodge algae which may grow on the membrane. Influent water should be
filtered through a 25 micron cartridge filter for best performance. The
cellulose acetate membrane can tolerate a continuous chlorine feed for
disinfection. Normal operation should be at pH 5.5-6.0 to avoid hydroly-
ses of the cellulose acetate and precipitation of calcium carbonate.

Hollow fiber aromatic polyamide membranes have greater chemical and
physical stability than cellulose acetate membranes with one exception;
they cannot tolerate a chlorine content in the water. They will degrade
when total chlorine content is equal to or greater than 0.05 ppm. Thus,
one must use other bactericides than chlorine to prevent bacterial growth.
They cannot be attached directly to tap water outlets which provide water
with a chlorine residual. Flow through the filter is laminar to avoid
breaking fibers and therefore they are more susceptible to fouling.
Influent water should be filtered through a 5 micron filter. Normal
operation should be at pH 5.5-6.0 to avoid precipitation or calcium car-
bonate. Cost of water purification is about the same for hollow fiber
and spiral wound membrane equipnent.

Operational monitoring of the effluent from the reverse osmosis opera-
tion is usually done by noting fall off in the permeate rate at constant
pressure. When permeate rates become unacceptable low -~ or conversely
when the pressure drop becomes unacceptably high to maintain a constant
permeate rate -- the membrane must be cleaned with a detergent.
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Sudden increases in contaminants suggest leaks. One way to test for
leaks is to add food dye to the influent water. If no pin holes, broken
seals or broken fibers exist the dye will not come through.

Distillation

Description. Distillation removes water from impurities by converting
the water to vapor, then recondensing it as distilled water. This action
is the reverse of other water purification methods (which remove impurities
from the water) and requires considerable energy.

Energy input to stills can be steam, electricity, or gas. Gas fired
stills are seldom used because of their complicated design. Stills pro-
ducing greater than 10 gph of distillate are normally heated by Steam
because of the cost of electricity.

Properly designed stills can produce water free of bacteria, virus,
and pyrogens. Impurity volatilization and entrainment are the biggest
treatment limitations distillation faces. Like all treatment methods,
the distillate produced from a still will vary with the quality of the
feedwater. In addition, the condition and maintenance of the still plays
a major part in the quality of the distillate.

There are several general types of stills:

1) Single Effect Stills. Such stills produce a distillate resulting
from a single phase change. A typical example is the conventional labo-
ratory still, electrically operated, and producing anywhere from 1/2 to
10 gph of distillate. Total dissolved solids of the distillate is nor-
mally <1 mg/1, pH varies 5.4~7.2, and resistivity is in the 0.3 to 0.8
megohm-cm range.

2) Multiple Effect Stills. These are several stills in parallel where
the steam produced by the first is used to evaporate water in the second;
the resultant steam from the second boils water in a third and so on. Mul-
tiple effect stills take advantage of the latent heat of steam from one
still to preheat incoming feed to the next. They are operated under
pressure or vacuum so that there is a slight temperature drop going from
one effect to another. Initial capital costs for multiple effect stills
are higher than conventional single effect stills but operating costs
diminish in proportion to the number of effects. Multiple effect stills
can produce water having a resistivity in the range of 0.8-1.0 megohms-cm.

3) Multiple Stills. These are stills in series in which the distil-
late from the first still serves as the feedwater to the second; the dis-
tillate from the second is fed to the third and so on. Stills with glass
redistillers would also fall in this category. The cost to produce water
from such stills increases in proportion to the number of stills. Muiti-
ple stills are used when very high purity water including pyrogen-free
water is needed. Ionic purity of water from such stills will not be
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extremely high, however, because of volatile ionizable gases such as
ammonia and carbon dioxide which are vaporized, then redissolved in the
condensate. Additional treatment such as degasification or ion exchange
is usually employed to remove such gases if desired. Resistivity of
water produced from multiple stills can be as high as 1-2 megohms-cm.

4) Other Distillation Methods. Other distillation methods are gener-
ally more complex but require less energy for operation. Included in
this category are vapor compression stills, centrifugal rotating heat
exchanger stills, and falling film evaporator stills.

Limitations. Vaporation of impurities with boiling points close to
or below that of water is an inherent disadvantage of the distillation
process. Such impurities, usually dissolved gases, are vaporized, then
redissolved in the condensate. Ammonia, chlorine, and carbon dioxide
are typical examples of such gases. If presence of such gases is unwanted,
pretreatment by ion exchange or deaeration is necessary. Ion exchange
will only remove ionizable gases (ammonia, chlorine and carbon dioxide are
ionizable gases in water). Filming and neutralizing (soluble) amines used
in boiler water and steam treatment for corrosion control also will con-
taminate distillate if the steam produced by such boilers is used as a
feed to the still or as a distillate scrubber.

Entrainment and carry-over of unvaporized droplets or small particles
(<1000 um) in the vapor are potential sources of contamination. Scale
formation is a problem and proper measures must be taken depending on
the quality of the incoming water and desired quality of the product water.
Sodium cycle cation exchangers will remove the Ca- and Mg = hardness
producing cations and exchange them for sodium (which is acceptable only
if high levels of sodium can be tolerated in the finished product). An
alternative is to pass part of the influent water through a hydrogen
cycle cation exchanger. This is desirable when the influent water has a
significant alkalinity content and relatively low hardness content. The
resulting mineral acids from the hydrogen cycle ion exchange process can
neutralize the alkalinity in the untreated water resulting in a final
water having a reduced hardness and alkalinity going into the still.

Scaling and corrosion problems in distillation units are similar to
those encountered for low pressure boilers. The section on water treat-
ment in Department of the Army Technical Manual (TM) 5-650, Central Boiler
Plants, gives a good background discussion about water impurities affect-
ing boiler operations and gives examples of common treatment methods to
remove them. Boiler water systems are alsc fully discussed in the "Betz
Handbook of Industrial Water Conditioning."

As a single unit operation and for small volume localized use, a still

is a practical source of high purity water. There are several factors
against its use as the sole treatment for a large volume operation. High
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volume production equipment is massive and uses considerable energy.
Plumbing and maintenance is relatively complicated. Quality of distilled
water depends to a large degree on proper operating procedure, maintenance
scheduling, and operator vigilance. Energy costs for redistillation lend
distillation to be associated closely with storage of produced high purity
water rather than recirculation and retreatment of the water in a closed
loop system.

Design and Selection Considerations

1) Water Quality. Feedwater hardness is important because calcium
and magnesium scale forming deposits affect the efficiency and maintain-
ability of the distillation unit. Similarly, feedwater alkalinity
usually in bicarbonate form can combine with calcium and magnesium to
form scales or, upon heating result in carbon dioxide which may be later
absorbed in the distillate forming corrosive carbonic acid. Dissolved
oxygen also promotes the rate of corrosion. Table 3 outlines a suggested
influent water quality aralyses. Table 14 suggests water softening cri-
teria. Hardness of less than 50 mg/1 as CaCO3 is desirable in still
feedwater.

TABLE T4. WATER SOFTENING CRITERIA

A. GENERAL

0-75 mg/1 total hardness as CaCO3 = soft water

75-150 mg/1 total hardness as CaCO3 = moderately hard water
150-300 mg/1 total hardness as CaCO3 = hard water

>300 mg/1 total hardness as CaCO3 = very hard water

B. ARMY GUIDELINES

Hospital Water. Soften entire hospital water supply when hardness
exceeds 171 mg/1 as CaCO,. Blending a zero hardness treated high purity
water with the influent water to a hardness of approximately 51 mg/1 as
CaCO3 is recommended. Special studies may justify additional softening.

Laundry Water. Soften influent water when hardness exceeds 43 mg/1
as CaCOB. Softening the influent water to zero hardness is recommended.

Mess Hall Water. Installation of softeners for small mess halls is
not recommended. Softening influent water to 43 mg/1 as CaCO3 for large
central mess halls may be justified to protect equipment and insure
satisfactory washing of dishes.

Source: Department of the Army Technical Manual 5-813-3, "Water
Supply, Water Treatment" (Sep 1966).
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Required quality of the finished water is, of course, very important
when considering distillation for high purity water treatment. Distilla-
tion can produce biologically pure and pyrogen-free water unaided, a claim
no other single unit operation can make. On the other hand, distillation
is only a fair demineralizer and one must take into account potential con-
tamination from volatile impurities and carry-over. Such impurities,
however, are only significant if they exist in the feed water and cannot
be tolerated in the finished water. Still designs take into consideration
the Timitations of the distillation operation and try to minimize their
effects as is detailed in the next section.

2) Equipment Operation and Configuration. The following features are
either built in or are options to stills:

a) Baffles. Reduce water droplet and pyrogen carryover. There are
several configurations depending on the purity of water desired.

b) High Vapor Disengaging Space. An extra high evaporator space to
reduce the possibility of carryover by foaming, splashing, or priming
as the water is boiled.

c) Inclined Condenser. Promotes venting to the atmosphere of unwanted
volatile gases and minimizes impurity reabsorption.

d) Constant Bleeder. Is necessary to deconcentrate impurities Teft
in the evaporator and retard scale formation.

e) Countercurrent Condenser. Uses steam produced for condensation to
preheat feed water and reduce fuel costs.

f) Thermal Control. Allows gentle boiling which minimizes carryover
from splashing and priming.

g) Distillate Coolers. Additional ccils quickly cool distillate to
temperatures suitable for use (for example, feed to ion exchange units).

h) Steam Scrubbing Chambers. Purified steam runs countercurrent to
the distillate promoting transfer of impurities from the distillate to
the steam.

i) Cyclone Chambers. Water vapor is directed in a spiral motion and
microscopic Tiquid and solid particles are separated by centrifugal force.

Stills heated by steam require steam pressures of 35-60 psig of satu-
rated steam. Nine pounds of steam at 50 psig and 9 gallons of cooling
water are required to produce a gallon of distillate. Nine hundred and
seventy BTU's of heat are needed to change 1 pound of water to steam.
Electrically operated stills use about 2.6 kw per gallon of distillate.
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Unlike ion exchange or reverse osmosis, the cost of water production
varies less with influent water quality and more with the degree of
maintenance of the equipment.

Filtration

Description. Filtraticn is the process of passing & liquid through
a filtering medium for the removal of suspended or colloidal matter.
Filtration may be employed to pre-filter and protect other high purity
water treatment operations downstream. It may be employed as an independ-
ent unit operation designed for particulate removal. In such cases it
is situated at the end of the treatment train just prior to high purity
water use.

Pre-filters used upstream to filter out relatively large material and
remove the bulk of the solids are also referred to as coarse filters,
depth filters and raw water filters. Such filters may use granular
material, finely woven cloth, unglazed procelain, or porous paper mem-
branes depending on the quality of the influent water. In these fil-
ters, particles or solids greater than about 10 microns are separated
from solution by a physical sieving action.

Other types of pre-filters use different mechanisms for solids
separation. Macroreticular resins are a synthetic hybrid between carbon
and ion exchange. Resin beads have pores 1ike carbon and a weak ion
exchange capacity. Macroreticular resin beds work well in removing
colloids in the 0.001-0.5 micron range which may plug microfilters.
(Macroreticular resins were discussed earlier as a pretreatment to
eliminate organic fouling of ion-exchange resins).<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>