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INTRODUCTION AND APPROACH

Design of high p uri ty w ater systems is s uccessful only when the quality
and quantity of the high puri ty water desired are defined and when facto rs
which may infl uence design are recognized and understood. It is to thi s
end that the info rmation in this report is compiled.

The term “high puri ty water ” used throughout the report is defined
as any wate r of a quality superior to that defined in the National Interi m
Primary Drinking Water Regulations , or any potable water recei ving addi-
tional treatment (such as water softening). A summary of the Regulations
is in Table 1 with appropri a te reference. “High puri ty wate r system” is
defined to consist of high puri ty water producti on , distribution , and
storage facilities.

This report is not a design manual . Speci fi c design details are
not addressed. The info rmation presented is intended to supplement
technical and othe r cri teri a used for design . This report does define
or Identify items wh ich shoul d be considere d in design . To that extent
it will overlap to some degree with formal design criteria.

There is no best high puri ty water treatment metho d for the general
situation . Final selection of a treatment system will be a function of
parti cular circumstances. An effort is made in this report to outl i ne
the options which are available in order to give the designer a full array
of viable alternati ves. Considering all the factors, being aware of the
options , and deci ding upon the quanti ty and quality of high puri ty to be
produced will result in the best design for the producti on of high puri ty
water.

OBJECTIVE

The objecti ve of this report is to present information which shoul d
be considered during the design or speci fi cation of high puri ty water
production systems In health care facilities and laboratories.

WATER QUALITY

Gene ral

• The ultimate objecti ve of producing a known quality high ~uri ty waterIs to insure the heal th of the user is not threatened and/or that the
accu racy of analytica l tests is not impai red. A second objec ti ve related
to the fi rst is to supply acceptable quality water to user equipment to
allow it to perform Its primary function satisfactorily and effi ciently.
An example of direct— user equipment is the kidney dialysis machine. An

5
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TABLE 1. SUMMARY OF NATIONAL INTERIM PRIMARY DRINKING WATER REGULATIONS

A. MAXIM UM CONTAMINANT LEVELS (MCL ) - INORGANIC CHEMICALS

Chemi cal MCI (mg/l)

Arsenic 0.05
Barium 1.0
Cadmi um 0.01 0
Chromi um 0.05
Lead 0.05
Mercu ry 0.002
Nitrate (as N) 10.0
Selenium 0.01 I :
Silve r 0.05

Fl uori de (naturally occurring)

53.7°F and below 2.4
53.8 — 58.3° F 2 .2
58.4 — 63.8° F 2.0 4
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

Chemi cal MCL (mg/i)

Chlorinated hydrocarbons 0.0002
Endri n 0.004
Li ndane 0.1
Methoxychlor 0.1
Toxaphene 0.005

Chiorophenoxys
2,4—D 0.1
2,4 ,5-TP (S ilvex ) 0.01

C. MAXIMUM CONTAMINANT LEVELS (MCL ) - RADIONUCLIDES

Chemi cal MCL (picocuries /1j

Natural
Gross alpha activity 15
RadI um 226 + radi um 228 5

_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~ :.:: ~~~~
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Chemi cal MCL (picocuries / l )
Man-made

Gross beta a cti vi ty 50
Tritium 20,000
Stronti um-90 8

0. MAXIMUM CONTAMINANT LEVELS - TURBIDITY

Monthly avera ge - 1 turbidity unit (TU) or 5 TUs wi th state approval
provided it does not interfere with disinfecti on , maintenance of chlorine
residual , or bacteri ol ogical testing.

2-Day average - 5 TUs .

E. MAXIM UM CONTAMINANT LEVELS — MICROBIOLOGICA L CONTAM INANTSa

Less than 20 More than 20
Colifo rm Method Per Month Samples per Month Samples per Month

Membrane filter Number of colifo rm bacteri a shal l not exceed:

(100 ml portions) 1/100 ml 4/100 ml in one 4/100 ml in 5% of
Average density sample all samples

Multiple tube Coliform bacteri a shal l not be present in more than:
fermentation

10% of porti ons 3 porti ons in 3 portions in
one sample 5% of s amples

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

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

Regulation : Envi ronmental Protection Agen cy - Water Programs “National
Interi m Primary Drinking Water Regulati ons,’t Federal
Register , Part IV , Vol. 40, No. 248, pp. 59566—59588
(De cembe r 24 , 1975) and Envi ronmental Protecti on Agency -

Dri nking Water Regulations “Ra di onucl i des,” Federal
Register , Par t ii , Vol. 4 1 , No. 133 , pp. 28402—28405
(July 9, 1976).

7
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example of Indi rect-user equi pment is an atomi c adsorption spert ro_
photometer. A less obvious example of indirect- user equipment is an ion
exchange col umn or distillation unit.

When designing high puri ty water production systems, thei r water pre-
treatment requi rements are often ove rlooked. As a result, such indi rect-
user equi pment (including storage and transfer facilities) perform unsat-
isfactori ly and the primary objective of health or analytical accura cy is
comp romised. The poor performance of this equi pment is normally due to
failure of removing impurities which iripede its operati on. These imp uri-
ties cause unwanted corrosion , deposi~;ion , structural defects, and ul ti-mately mal functions . They cause erroneous measurements by analyti cal
equipment.

The section discussing unit operati ons identifies common impurities
which affect indirect user equipment (high puri ty water treatment equip-
nient. The section discussing uses of water for medi cal facilities and
laboratories does the s ame for direct user equi pment. The secti on dis-
cussing storage and distribution takes the reverse approach. It discusses
how the indi rect user equipment (distribution lines and storage tanks )
affect the puri ty of the water. The reader is referred to these sections
for speci fi cs. It is i mportant to remember that wate r - especi al ly high

puri ty water - is an excellent solvent. It has a tendency to dissol ve
components of structures containing it and the atmosphere surroundi ng it.

Influen t Quality

Infi uent quality refers to quality of the source water enteri ng the
hi gh puri ty water treatment train. The most apparent reason to charac-
terize influent water quality is to allow proper selection and sizing of
high puri ty water treatment equipment. When this is done the effluent
high puri ty water meets speci fied cri teri a 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
operati on of the treatment equi pment i tself. A summary of those factors
which comonly affect high puri ty water operations is gi ven in Table 2.
This table Is not intended to be all encompassing but rather highlights
some important considerations.

The multiple consi derations about high puri ty water use and proper
high puri ty water production equipment design requi re a thorough analysis
of the infl uent water. The infl uent water must be fully characteri zed to
insure that all water production equi pment design options are real ized
and the most effi cient design is adopted. Table 3 lists common coinpon—
ents of a desirable infl uent water quality analysis. Analyses of several
samples taken ove r a period of time is necessary to insure that the water

8
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TABLE 2. I~4~URITIES AFFECT ING THE EFFICI~NCY OF SEVERALWATER TREATMENT OPERATIONS

Water Treatment Operation Impuri ty or Condition

Reve rse osmosis High temperature
High and low pH
Suspende d solids
Bacteri a
Ha rdness
Chlorine (for polyamide membranes)

Ion exchange Suspende d solids
Bacteri a
Organi cs
Iron
Silica
Ca rbon dioxi de

Distillation Hardness
Al kalini ty
Carbon dioxide

Carbon adsorption Suspended solids
Bacteri a
High pH

Filtrati on Suspended solids

a. In suffi cient quantities or at ext reme values these impurities may
coat , deposit , foul , corro de , interfe re with the primary functi on,
contami nate , or othe rwise affect the treatment operati on e ffi ciency .

characte rized is representati ve of that to be expected at the site . If a
surface source of wa ter is used , characteri zation spanning each season of
the year Is desirable. Detailed analyses of non-representat ive wate r
samples are of no value. When possible , comparison of levels of impuri-
ties measured wi th data avai lable at the tap wate r treatment plan t is
desirabl e to create a confi dence that the water samples are indeed repre-
sentati ve. Al though the types of data gathered at water treatment plan ts
are limi ted, the measurements taken are usual ly made routinely over lon g
periods of time which is the true test of water characteri zation .

9
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TABLE 3. SUGG ESTED INFLUENT WATER QUAL ITY ANALYSES a

Cations Anions Otherb

Calci um Bicarbonate Methy l orange (total)
alkalinity

Magnesi un Carbonate Phenol ph thal~in
alkalinity

Sodi um Hydroxy l pH range
Manganese Sulfate Turbidi ty
Potassium Chlori de Total dissol ved sol i ds
Iron Nitrate Hardness

Silica (as Si0~,) Suspended solids
Free carbon dibxi de Chlorine residual
Phosphate Temperature range
Fl uori de Color

Total cations (as CaCO3) Total organi c carbon
Standard plate count

I,

a. Methods for the analyses of these constituents may be found in
“Standard Metno ds for th~ Examination of Water and Wastewater”(Ame ri can Public Health Association) or “Methods for Chemi cal Analyses
of Wa ter and Wastes” (Envi ronmental Protecti on Agency).

b. Other tests measuring sanitary qual i ty , wastewater strength , and tests
measuring heavy metal s shoul d also be conside red.

c. Methy l orange and pheno lphthalein alkalinity encompass bi carbonate,
carbonate and hydroxyl anion concentrati on.

Effluent Quality

Effluent q uality refers to q uality of the water leaving the high
p uri ty water treatment train. The effluent is the high puri ty water.
Tho puri ty leve l req ui rements of the water depend on the intended use or
t~~ ~e1ected quality criteria. For industri al activities and to a lesser
extent analytical acti vities, the process or procedure using the high
puri ty 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 n umber of
analyti cal procedure s and methods , broade r, more general cri teri a are
normally adopted (which in turn may req uire more elabo rate and expens ive
treatment equi pment to meet them). The most common water cri teri a are
discussed below .

American Chemi cal Society (ACSJ Standards. These Standards are designed
to limi t impurities most commonly interfe ring with chemi cal analysis and

10
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physical testing of water. Procedures for conducti ng all evaluation tests
are described in the speci fi cati ons. Methods of high puri ty water produc-
tion are specified. ACS Standards are summari zed in Table 4.

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

A. WATER QUALITY REQUIRE MENTS

Maximum speci fi c conductance , micromho/cm at 25°C 2.0
Maximum silicate (as S102), 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 Chemi cals—American Chemical Society
Speci fi cations ,” 5th ed., Washington , DC (1974).

American Society for Testing and Materials (ASTM) Standards. The
ASTM Standards are also designed to limi t impurities interfering with
chemi cal and physical testing of water. They are more comprehensive than
the ACS Standa rds in that they include a bacteri ologi cal quality requi re-
ment. Methods of test procedures are described. Detailed methods of high
puri ty water preparation are speci fied. Uses for the various types of
reagent g rade wa ter are di s cusse d. ASTM Standards are summari zed i n
Table 5.

College of American Pathologists (CAP) Specifi cations. CAP Water
Speci fications go beyond listing speci fi cations and descri bi ng test
procedures . The speci fi cations also outl i ne methods of quality control
useful when testing, handling , and sampling the water. Frequency of test-
ing is discussed, as is the signi ficance of the several impurities listed.
Reconiiiended uses for the various types of reagent grade water are outlined
in detail. The CAP Water Speci fi cations are a useful , conci se exerci se in
high puri ty water rati onal and cri teria. They are especi ally appropri ate
for clini cal and pathology labo ratory work . Information contained in the
specifi cations is val uable whether or not the specifi c impuri ty limiting
cri teri a is followed. CAP Water Specifi cations are summari zed in Table 6.

11
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TABLE 5. S(IIMARY OF AMERICAN SOCIETY FOR TEsT:NG AFID MATERIAL S
SPECIFICATIONS FOR REAGENT WATER (ASIM STANDARDS )

A. WATER QUALITY REQUIREMENT S

Water Grade
Specification Type I Type II Type III Type IV

Maxim um total matter , 0.1 0.1 1 .0 2.0
mg/i

Maxi~lum specifi c 0.06 1 .0 1.0 5.0
con ductance
micron*~o/cm at 25°C

Minimum speci fi c 16.66 1.0 1.0 0.20
resi stanc.~megoh r -cr1 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
tine of potassium
permanganate minutes

Bacteriologi cal quality a None Sterile and None None
speci fied py rogen fre e speci fied speci fied

as produced
B. WATER TREATMENT, STORA GE AND DISTRIBUTION REQUIREMENTS

Preparati

Pretreatment Pretreat As No No
until dis— requi red
ti llati on
(treatment)
feed has a
max . conduct-
ance < 20
ml cromho/ an
at 25°C.

Treatment Shal l con- Distillation Ion exchange Ion exchange
sist of dis- or reverse osmosis or
tillati on osmosis or distillation
fol l owed dis~i1lati on or electro-
by polish - followed by di alysis
ing with a 0.45 mi cron
mi xed bed membrane
of ion— fi lters
exchange
mate rial s
pl us 0.20
ml cron mem-
brane f i lters .

12
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Water Grade
Specification Type I Type II Type III Type IV

Stora ge Block tin Block tin Borosilicate Borosi l ica te
Quartz Quartz glass glass ,
TEE— TFE- polyethy— stainless
fl uoro- fluorocarbon l ene, PVC steel
carbon polyethylene ,

PVC polyester—
rel nforced
fiberglass

Protection Ye s Yes Ye s No
from
atmospheri c
gases

C. WATER USE RECOMMENDATIONS

Used whe re Used where a Used for Used in pro-
maximum high degree general cedures
accuracy and of freedom laborato ry requi ring
precision is from contami - testing large amounts
indi cated nation is of wa ter of

desire d tlut moderate
where Type I puri ty;
water is not particularl y
speci fied for the make

up of synthetic
test solutions

a. If steri lity is requi red following storage , Type II water must be bottled and
heated to 120° C for 20 minutes. Py rogen-free Ty pe II water must be tested in
confo rmance with requi rements of USP Standards . These precautions are taken
to avoid possible contaminati on from storage.

b. All methods presume operation on a potable water supply free of suspen ded
matter.

Standard : “Annual Book of ASTM Standards,” Part 31 , Water (Std. D—ll93),
American Society for Testing and Materials , pg. 40-42 (July 1 974).

- - 
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TABLE 6. SUMMARY OF COLLEGE OF AMERICA N PATHOLOGISTS STANDARDS
FOR REAGENT GRADE WATER (CAP STANDARDS )

A. WATER QUALITY REQUIRE MENTS

Water Grade
Speci fi cationa Type I Type II Type III

Maximum speci fi c conductance , 0.1 2 5
ml cromho/cm

Minimum speci fic resistance , 10 0.5 0.2
megohm- cm

Maximum silicate , 0.01 0.01 0.01
mg/l

Maximum heavy meta ls , 0.01 0.01 0.01
mg/l as Pb

Pernianganate reduction pass test pass test pass test

Specification Level
Ammonia , mg/ i b < 0.1
Carbon dioxi de, mg/l < 3
Culture Interpretation
Ha rdness Negati ve
pH 6.0 - 7.0
Sodi um, mg/I < 0.1 mg/I

B. WATER USE RECOMMENDATIONS

Type I Type II Type III

Atomi c absorption , May use where chemi cal General l aboratory testing
photometry, flame procedures do not Most qualitati ve analysis
photometry , specifically requi re procedures
enzymology , Type I water. Most urinalysis , parasi-
electrolyte deter— May Include many of tology and histologi cal
mination , inorganic procedures under procedure s
ion determinati ons Type I depending Rinsing glassware
blood , gas , and on circumstances
pH determination , except atomi c
reference buffer adsorption .
sol utions Most hematologi cal ,

In general : for serological and
maximum accuracy microbiologi cal
and precision procedures

a. Testing must be accomplished frequently enough to insure a constant
supply of reagent grade water that meets the requi rements and sped-
fi cati ons .

b. Reagent water used in certain proce dures should be free of carbon
dioxi de or dissol ve d gases .

c. CAP outlines a colorimetri c screeni ng test sh~~ing positive or nega-
tive results for the presence of Ca or Mg ions.

NOTE: CAP spells out additional details with respect to sample gathe ring,
measurment , handl ing, storage , and frequency of testing.

Standard: A.R. Stier , L.K. Miller, and R.J. Smith , “Reagent Wa ter ,”
College of Ameri can Pathologists (CAP-2500-4-74), 3rd
Printing , Chicago , IL (1974).

14 
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Uni ted States Pharmacopeia (USP) Standards. Unlike othe r water stand-
a rds , USP emphasizes pass/no pass or endpoint type tests rather than allow-
able concentrati ons (with a few exceptions). Furthe rmore, water is not
classified by type. It is classified by use. References to the LiSP occur
in several federal statutes , the most signi fi cant being the recognition of
the USP definitions and standards in the Food , Drug, and Cosmetic Act.
All tests are described by USP or an appropri ate refe rence is given . The
LiSP wate r use classifi cati ons are described in detail and general treat-
ment operations are speci fied. USP Standards are s ummarized in Table 7.

Nationa l Committee for Cl inical Laboratory (NCCLS) Standards. NCCLS
Standards represent what NCCLS believes to be the minimum quality for
water used in tne clinical l aboratory. They incorporate what are con—
sidered the best features of the ASTM , CAP , LiSP, and ASTM Standards . In
addition to outlining specifi cations and descri bing test procedures , NCCLS
Standa rds discuss frequency of testing , storage and handling procedures ,
and define the scope of the impuri ties . The format is simi lar to that
used in the CAP Water Speci fi cations . NCCLS Standards outline methods
for high puri ty water production and recommended uses for two types of
reagent grade water are discussed. NCCLS Standards are summari zed in
Table 8.

Standa rd Methods for the Examination of Water and Wastewater.
Standard t4ethods discusses high puri ty water requi rements 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 dissolve d metal s and bacteri ci dal or inhibito ry corn-
poun ds is speci fied for preparation of culture medi a and reagents.
Although specifi c limiting concentrations are l eft to the discretion of
the investigato r, the discussion names compounds which frequently are the
cause of nutrient contami ’iation , examines their source , and suggests p re-
cauti onary measure s to be taken .

The Clinical Laborato ries Improvement Act of 196 7 does not have
requi rements regarding speci fications for high purity water. The act
addresses the areas of pe rsonnel standards , profi ci ency testing, and
quality control . This latter area has to do with insuring that a dequate
facilities , equi pment, and proper maintenance are available in the
laboratory.

Because these aforementioned cri teri a are designed to provi de general
gui delines for a host of high puri ty wate r uses , they must be reviewed to
ascertain whether they adequately encompass speci fi c situations . Fer

F instance , specifi cations for bacteriolog’~ca1 quality in the most common
high puri ty water quality cri teri a are l imi ted or poorly defined. I~
bacteriological quality is of prime importance, more detailed guidelines
may be needed. De Roos and Straub have outl i ned bacter1olog ical quality
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TABLE 7. SUMMARY OF UI4ITED STATES PHARMACOPE IA X IX (USP STANDARDS)

A. WATER USE AND REQUIRED TESTS â

Bacteriostati c
Water forb Wa ter for Sterile Waterd Sterile Water Puri fied
Injection Injection C for Injection for Irri gation Wa ter

Pyrogen pH Chlori de Chlori de pH
Chlori de Oxidizable Oxidizable Chlori de
Total solids substances substances Sulfate
Antimi crobial Total Total Ammonia
agents solids solids Calci um
Pyrogen Pyrogen Pyrogen Carbon dioxide
Sterility Sterility Sterility Heavy metals

Oxidi zable
substances

Total solids
Bacteriological
puri ty

B. WATE R USE DEFINITI ONS

Water for Inj ection - clear , colorless , odorl ess liquid. Intende d for use as
a solvent for the preparation of parentera l solution. Prepared by dis-
tillation or reverse osmosis and contains no added substances .
Category: Pharmaceuti c aid (solvent).

Bacteriostati c Water for Injecti on - clear , colorless , odorless or having the
odor of the antimicrob ial substance. It is sterile water for injection
containing one or more sui table antimi crobi al agents . Prepared by distilla-
tion or reve rse osmosi s. Ca tegory: Pharmaceuti cal aid (Sterile vehicle ).

Sterile Water for Injection - clear , colorl ess, odorless liqui d. It is water
for injection sterilized and suitable packaged and contains no anti-
microbi al agent. Prepared by distillation or reverse osmos is.
Category : Pharmaceuti cal aid (solvent).

Sterile Water for I rrigation - clea r, colorl ess , odorless liquid. It is
i denti cal to sterilc water for injecti on but has its pecul iar packaging,
storage , and l abeling requi rements . Category: Irrigatin g soluti on ;
pharmaceuti cal aid (sol vent).

Puri fied Water - clear , colorless, odorless liquid. Cannot be used in prepara-
tions intended for parentera l sol utions. Prepared by distillati on ,
ion-exchange , reverse osmosis or othe r suitable process. Category :
Pharmaceuti cal aid (solvent).

a. All tests are described in USP or an app~’opri ate reference is given. USP
emphasi zes pass/no pass or endpoint type tests rather than allowable
concentrations.

b. In addit ion to those listed , it meets the requi rements of the othe r tests
under Puri fied Wa ter with the exception of the test for bacteriologi cal
puri ty.

c. In addit ion to those listed , it meets the requi rements of the other tests
unde r Puri fied Water with the exception of those for ammonia , oxi di zable
substances , and bacteriological puri ty.

d. In addition to those listed , it meets the requi rements of the other tests
under Purified Water with the exception of the test for bacteri ologi cal
puri ty.

Standa rd: “Pharmacopeia of the United States of AmerIca,” 19th revIsion ,
United States Pharinacopelal Convention , Washingto n , DC (1975).
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TABLE 8. SUMMARY OF NATIONA L COMMITTEE ~0R CLINICAL LABORATORY STAN DARLiS
(NCCLS STAND ARDS)

A. WATER QUALI TY REQUIREMENTS

Speci fi cation a ,b lc Type I Type II

Total bacterial count , colonies / liter 1O 4 1O~
Parti culate matter , micro meters (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-au 10 0.5

Silicate , mg/i Si02 (maximum) 0.05 0.1

B. WATER PRODUCTION REQUIREMENTS:

1. Type I water production may be based on any of the fi rst 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 filtrati on

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

C. WATER USE RECOMMENDATIONS

1. Type I - Use in tests requi ring minimum inte rfe rence and maximum
accuracy such as:
a. Atomi c adsorption spectrophotometry
b. Enzymatic procedures a ffected by sil ica or bacteri a
c. Electrophoresis pro cedures
d. Buffe r solutions (may also requi re CO, - free water )
e. Direct reading flame photometer procedures

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

a. All speci fi cations are stated for water as measure d at time of produc-
tion . The resistivity of Type I water must be measure d in -line; all
other speci fi cations relate to samples measured o ff-line.

b. The maximum time interval of the testing cycle for qua lif ying the
puri ty of the reagent water should be 1 week.

c. Manufacture rs of in vitro diagnostic products and scientists using
clini cal laboratory testing procedure s shoul d speci ’y any additional
interferences which m ust be avoide d such as heavy metals , arpuonia ,
and carbon dioxide.

Standard: “Reagent Water Specification and Test Methods for Wate r
Used in the Clinical Laboratory - Proposed Standard:
PS C— 3,” National Committee for Clinical Laboratory
Standards , Washingto n , DC (1976).
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cri teri a and uses for research and health care facilities .* Information
was based on an extensive review of the literature , in terviews with scores
of investigators , and data collected on various types of high puri ty water
treatment systems . Table 9 outlines their suggested bacte riologi cal cri-
teri a for h i gh puri ty water use.

Other water qual ity impurities which common high puri ty water cri teri a
generally ignore or are not specific about are heavy metal content, trace
organics , numbers and sizes of particles , and dissol ved gases . If these
impur ities can adversely affect intende d hi gh puri ty water use, additional
cri teri a need to be determined and suitable water production facilities
designed. Bi omedi cal research l aboratories must especially be aware of
such potenti al impur ities when doing biologi cal and biochemi cal research .
Su ch research incl udes ~rowth of cell culture s, bacteri a and fungi ,
production of enzymes, analyses of amino acids , and microscopic studi es
of tissues and cells.

UNIT OPERATIONS

General

This section contains informati on about the most coninon high puri ty
water treatment operations. Info rmation about their performance , thei r
limi tations , and othe r design and selection conside rations are presented
so the potential user can better choose the t rea tment process bes t suited
for him. Within the discussions , the several unit operations are also
compared to each other.

In a given situation , two or three high puri ty production scheme s or
treatment trains will appear to be able to produce the necessary high
puri ty water quality desire d in the quantities needed. Traditional
enginee ring approaches then concentrate on the cost /benefi t rati os of
each producti on scheme . Although dollar figures are not used , general
comparisons are made among the appropri ate treatment operations with
respect to energy usage and the effect of influent wa te r quality and
quantity on high puri ty wate r production.

The potenti al for expansion of or increased producti on by the treat-
ment operation and its associ ated cost must also be considered when
eval uating alternati ve treatment systems. Similarly, operation and
maintenan ce costs need to be taken into account in any specifi c situa-
tion . Operation and maintenance costs include considerations about
on-site control needed during treatment, costs of treatment, and
media replacement or regeneration. Degree of operator training, and

* DeRoos, R.L. and C.P. Straub , “Study of Cri ti cal Qualit y Requirements
for High Puri ty Water in Biomedical Research and Medical Care Facilities
at the National Insti tutes of Health ,” NIH Research Report (Dec 1973).
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safety and health aspects must also be taken into account. Information
wi th respect to these considerations is discussed below .

Ion Exchange

Description

1) General . Ion exchange is the displacement of ions of one species
a ttached to an insol uble exchange material by ions of a different speci es
in solution when that solution is brought into contact with the exchange
mate rial . The exchange behaves as a chemi cally reversible interaction
and exchange materi al s are regenerable.

The exchange materi al or ion exchan ge resin is made up of an elastic
three dimensional hydrocarbon network (polymer) to which is a ttached a
functional ion acti ve group . The functional group is ionic and is bal-
anced with an oppos i tely charged mobile anion or cation a vailable for
exchange.

The degree of aci di ty or basici ty of a resin is controlled by using
different functional groups . Similar ly, the anion or cation available
for exch ange determines the type of regeneration .

Displacement of ions is a function of ionic concentration and chemi-
cal equilibria. For equal concentrati ons the relati ve o rder in which
ions generally displ ace other ions is listed in Tabl e 10.

2) Resin Classifi cations

a) Strongly Ac idi c Cation Exchan gers. Such cation exchangers are
characterized by their salt splitting ability . Sul foni c aci d (HSO 3
is the functi onal group. The resi n may be sodi um or aci d (hydrogen)
regenera ted and exchange works well in all pH ranges .

Sodi um cycl e ion exchange is used for wate r softening. H rdness pro-
ducing ions of calci um and magnesium , and to a lesser extent ions of iron,
manganese , and aluminum are exchanged_ for sodi um ions on the resin. A
typical reaction invo lving a resin (R ) is:

CaSO4 + 2Na~R +-+ Ca~~Rj + Na 2SO4
Ordinary sal t is used for regeneration. Table 11 relates hardness to
alkalinity as well as showi ng other associated relationships .

Hydrogen cycl e ion exchange is used for water softening, deal kaliz ing,
and demineralization . Ca tions in solution are exchanged for hydrogen
ions on the resin, frequently with an increase in carbon dioxi de. Typi-
cal reactions are:

20
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TABLE 10. DISPLACEMENT SERIE~ FOR ANION EXCHANGE MATERIAL

Cations An i ons

La SO4
+4+Y Cr04
++Ba NO3
4+ =

Sr A5O4
Ca~~ PO~~ J
Mg~~ Mo04
CS

+ I
_

Rb~ Cl

K
+Na OH

a. For dilute soluti ons 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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TAB LE 11. WATER hARDNESS RELATIONSHIPS

Cations Anions

hard nessa Ca+1 carbonate or temporary hardness 11C03
Mg~~ ~~~~~~~~~~ soft deposits co3= A lka l inityb

Oh
c5 ..~‘,.ss_

~
Jo,1

1_•0’ ~~~~~~~~~~ ~~~~~~

~~~

c~0
1~~ 

C.’/
~~1

=
+ 

SO 4
non— Na 

neutral salt cl~hardness K Ac id Ions C
N03

a. Also considered as minor hardness producing ions are i ron and
manganese.

b. Sal ts of weak acids and some biol ogically resistant organic acids
(example , humi c acid) also contri bute to alkalinity .

c. These are hardness-associated anions which contribute to mineral
acidi ty. Carbon dioxide is the principal source of natural
water acidity .

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(HCO 3 )2 + 2H~R~~4-.Mg~~R2 + 2H2CO3~ -9H2O + CO2
CaSO4 + 2H~R i-+ Ca 5-R2 + H2S04

Effluent from the process has a depressed pH and will normally go through
some process to raise pH such as anion exchange , neutral ization , decar-
bonation , or deaeration . Carbon dioxi de removal by vacuum deaerati on is
preferre d over decarbonati on because stripping increases the potential
of introducing new impurities in the water and increases dissolve d oxygen
content (promoting corrosion). Regenerati on is wi th a mineral acid and so
safety precauti ons are needed to handl e and store the acid. Sulfuri c
aci d is not preferred because of precipitation problems which can occur
as calcium sul fate , coati ng the resin. Operati on of the process is sen-
sitive to infl uent water quality but it does not add sodi um to the wate r.

b) Weakly Acidi c Cati on Exchange rs. Carboxylic groups (COOH) are
normally the functi onal group. Weak acid cation exchangers are highly
selecti ve for multivalent cations over monovalent cati ons. They do not
operate efficiently at pH less than five and , therefore, canno t split
sal ts effectively. Weakly acidi c cation exchangers are used primarily
for softening and deal kalizing, usually in conj unction with a strongly
aci di c polishing resin. A typical reacti on is:

Mg(HCO3)2 + 211’R ~~~~~ Mg
4
~R2 + 2H2CO3 f—* H20 + CO2

Treated effl uent has a depressed pH and dissol ved carbon dioxi de. Depend-
ing on finished water criteri a, pH may have to be neutral i zed or CO2 mayhave to be removed as discussed previ ously. Regeneration is wi th a
minera l acid and is more e ffi cient than with strongly acidi c exchangers .

c) Strong Base Anion Exchangers . Quaternary ammonium compounds
serve as the functi onal group. The resin may be chlori de or hydroxi de
regenerated.

In the chlori de cycl e , the strong base exchange r acts as a dealkal izer.
Al kalinity of the water is removed without the use of an acid. Anions in
sol uti on are exchanged for chlori de anions on the resin. Influent to
this dealkalizing process usually needs to be softened because hard water
gi ves marginal results . Typical reactions are :

2NaHCO3 + 2R~Cl 4-+R 2~C03 + 2NaCL + H2CO3*-4~ H20 + CO2

Na2SO4 + 2R~C1 f—~.R2~SO4 + 2NaC1

Regeneration Is with sodi tin chlori de. Caustic soda (NaOH) may also be
added to increase the pH which can become depressed from dissociation
of carbonic acid. Signifi cant concentrations of chlori de ions in the
fee~~ater lessen e ffecti veness of the resin by diminishing favorable
equilibri um.

23

_ 
- ~~~
--.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
----

~~~~~~~
-

.* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~
TTT

~~~~~~~~~~II~~~~~Ti1: __

In the hydroxi de cycle, the strong base exchanger replaces anions
in sol uti on with hydroxi de anions from the resin. This action has the
effect of splitting neutral salts and neutralizing aci ds. Both strong
and weak inorganic aci ds (such as carbonic aci d as C02 or silica aci d
as SiO,) may be removed if caustic soda is used for regeneration.
Remova’f may proceed via ion exchange or absorption:

Na2SO4 + 2R
40W 4—~R2~SO4 + NaOFi

H2S04 + 2R~O W 4-)R2
4
S04 + H20

CO2 + R~OW —+ R4
HCO3

Strong base anion exchange functions wel l in all pH ranges and is used
for water demineralizati on. Regeneration is with a strong al kali.

d) Weak Base Anion Exchangers . Primary, secondary, and terti ary
ammonium groups serv e as the functional group or exchange site . They
will not split salts and absorb only strong (minera l base) aci ds . As
a resul t they do not remove carbonic or silica acids , but are more
effi cient in what they do than the more general ized strong base resins.
A typical reaction is:

H2S04 + 2R 4—~R21i 2SO4
Regeneration is with caustic soda, soda ash (Na CO ) ,  or ammonia (NH ) .
Regeneration is more effi ci ent than for strong ~as~ resins. In demi~ er—
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.

Intermedi ate aci d cation exchangers have phosphori c aci d or sonie
deri vati ve as the funct ional group and are regenerated with acid. Inter-
mediate base anion exchangers contain both strong and weak base resins .
Thei r behavior is dependent on the strong to weak base resin mix and
whethe r they are regenerated with caustic soda , soda ash , or ammonia.

The re are a number of highly porous and adsorbent strong base anion
exchangers whi ch can adsorb organic matter such as humi c aci d and then
be regenera te d with sodi um chlori de. Unlike the gel ular structure of
stan dard resins , these macroreticular resins have discrete pores and are
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a modi fi cation of the ori ginal polysty rene divi nylbenzene 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
for chemi cal groups whose speci fic properties are then used. A common
example is removal of dissolved oxygen in water using an anionic resin
charged with S0 ions which are oxidi zed to SO~.

Limi tations. Ion exchange removes electrolytes fro m sol ution. When
properly designed , it can remove hardness producing ions (soften), bica r-
bonate i ons (dealkalize), or nearly all ionizable material s (deionize or
demineralize) as desired. It is this last operation which is normally
desire d in high puri ty water production.

The ion exchange operation will not remove non-electrolytes (with
exceptions noted previously). Thus , ion exchange is not designed to
remove oils , detergents , many organic compo unds , smal l parti culates or
mi croorganisms . These contaminants can foul the ion exchange resin ,
unde rmine its effecti veness , and pas s through to the product water. When
they are present in signifi cant quantities , some form of pretreatment or
other high puri ty wate r production methods must be considered.

Organic fouling rarely occurs on cation exchange resins but may occur
on anion exchangers by organic precipitation. An i on exchange resins
attract negati vely charge d parti cles which incl ude many organic corn-
pounds . Fulvi c , tannic , and humi c acids are most common. Weak base
anion exchan gers are more resistant to effects of organic fouling and
are s ometimes employed as an organic scavenger for the more sensitive
strong base anion resins downstream .

Organic precipitati on on the resin also serves as a nutrient for
microbi al growth . Ammonia and nitrates in the water will also support
such growth. Al though there is no loss in exchange capacity (i.e., no
chemi cal degradation of the resin), microbial growth will resul t in
reduce d exchange effi ciency and increased pressure dro p along the bed.
Most importantly it wil l  contaminate product water. Product water quality
must be monitored regularly and appropriate contro l measures taken. For
a central ized system this means constant recirculation of water through
the resins and periodi c chlorination , such as each time the bed is
regenerated. Localized systems need to be disinfecte d regularly by mak-
ing up some appropriate disinfecting solution and al lowi ng it to sit about
an hour in the column . If bacteri a overwhelms the resin bed , cleaners and
bacterici des cannot penetrate the protein sheath and the resin must be
replaced.
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Colloida l and parti culate materi al can coat ion exchange resins or
pass through the resin bed . Pieces of damaged resin may also pass through.
When all particulate removal is necessary , ion exchange shoul d be followed
by microfiltration. Non—ionic gases such as disso lve d oxygen are also not
removed by ion exchange .

Iron fouling may occur when insoluble ferri c ions coat the surface of
resin due to removal by filtration. Another mechanism is to have sol uble
ferrous ions attacn to anion resin sites and be s ubsequently oxi dized to
insol uble ferri c form , fouling the bed interior. Iron fouling results in
reduced bed capaci ty , i neffi cient regeneration , and faster resin break-
through. It is more likely to occur on anion resins than cation resins ,
expeci ally on strong base anion exchangers in the hydroxi de fo rm. Pre-
treatment considerations include oxi dation with subsequent filtration , hot
or cold time softening , or ion exchange . Ion exchange for iron removal
is normally considered economi cal when wate r producti on rates are less
than 400 gallons per minute .

Other water constituents whi ch may foul ion exchan ge resins when pre-
sent in suffi cient amounts are sil ica (when greate r than approximately
20 mg/l as CaCO3), copper , and al umi n um. Pretreatment of these con-
stituents is normally by hot or cold lime softening in large operati ons
or by ion exchange for smaller operati ons (which is the case for most high
purity water systems). Calci um sulfa te fouling may occur when a bed con-
taining calcium is regenerated with sul furi c aci d and a proper rinse is
not executed before placing the bed back into operation. During regen-
eration the solub ility of calci um sul fate is almost always exceeded.

Carbon dioxi de affects resin capacity . Strong base anion exchangers
can remove CO, but consideration should be given to decarbonati on if the
q uantities orCO 2 are large requi ring frequent regeneration . Carbon
dioxi de also lowers the pH of the water which may be undesirable.

Design and Sel ection Considera tions

1) Water Qual ity . In general , design and selecti on of the ion
exchange treatment ope ration depends on the quality of the influent and
effl uent water, the wate r feed rate, and capital and operational costs.
These factors affect the amount and frequency of regenerant dosage and
the leakage which can be tolerated compare d to the finished quality
desi red.

Informati on which shoul d be known about the influent wate r to the
ion exchange unit is summari zed in Table 3. Other measurements depend
on specifi c consti tuents whi ch may interfere wi th the use of the fin-
ished water. More general ly, sizing of ion exchange units is especially
concerned wi th the total dissolved solids , total ionizable solids , hard-
ness 1 and alkalinity.
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Leakage is appearance of ions in the effluen t which are desired to be
removed. Leakage va ries wi th the compositi on cf the infl uent water and
the ra te of regenerat’on of the ion exchange resin. Practi cally speaking,
there is always some leakage . The magnitude of leakage which can be

— tolerated (the base line leakage) depends on the desired qualit y 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 routinel y in the effluent water acco rding to
different ion exchange operations.

TABLE 12. MINIMUM SUGGESTED L FFLUENT WATER QUALITY MEASUREMENTS
FOLLOWI NG ION EX CHANGE

Ion Exchange Operation Meas urernentd

Strongly aci di c cation exchangers , Ha rdness
t)

sodi um cycl e (softening)

Strongly aci di c cati on exchange rs , hydrogen Ac idit~,
C pH,b 

bcycle (parti al deionizat i on) sodi um (or hardness)

Weakly aci di c cation exchangers ha~’dness ,b alkalinity ,b
(dealkalizing) pH

Strong base anion exchange rs , chlori de Al kalinit~,
b ~ 11b

cycle (dealkalizing ) chlori des

Strong base anion exchange rs , hy droxide Acid i t~,
b ~~~

cycle (partial deionization) silica

Weak base anion exchangers (absorption Acidi ty,b PHC
of strong acids )

Cation-anion exchange (deionization Conductivi ty ,b 1~~b
or demineralization )

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

b. Increases as resin is depleted.
c. Decreases as resin is dep leted.
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2) Equi pment Operation and Configuration . An obj ective of equi pment
operati on is to operate such that regenerant utilization is a minimum.
Common operati on is semi-batch , concurrent ope ration . Water continuous ly
flows down through stationary resins . Regeneration of the resins , also
down-flow, is at speci fied intervals. A vari ation of this is the counter-
current technique whi ch employs down flow service and upflow regeneration
(or vice versa). In continuous operation , part of the resin is always
movi ng out in frequent (“continuous ”) pulses to be regenerated elsewhere
while regenerated resin is continuously pulsed into the ion exc hange
vessel. Continuous systems give increased regenerant utilization over
fi xed resin beds and requi re reduced resin inventories.

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

a) Sodi um zeolite softening. Sodium zeolite softening employs the
s trongly aci di c cation exchangers in the sodi um cycle. Althoug h highe r
capacity organic resins have replaced the zeolite , they are still referred
to as zeolite softeners. Operation of zeol ite softeners is simple and
effi cient. Variations in raw water flow rate have little effect. Zeolite
softeners have a low investnent cost and lend themselve s to easy automati c
control . Regeneration is normallj with a 10 percent salt solution.

b) Softening arid dealka lization : sodi um zeolite - hydro gen zeol i te

split stream. In this type of treatment, incoming source water is split.
Part of the water goes through a strongly acidi c cation exchange r in the
sodi um cycl e and the remainder goes through a strongly aci di c exchange r
in the hydrogen cycle. The sodi um zeolite exchanger effi ci ently softens
the water. The hydrogen zeo lite exchanger softens and produces mineral
aci ds to neutralize the alkalinity in the water. Al kalinity is converted
to unstable carbonic acid which is easily removed by degasificati on .
Typical reactions are :

Ca(HCO 3 )2 + 2Na~R 4 +Ca~~R2 + 2NaHCO3 sodi um zeolite softening

MgSO4 + 2H~R + Mg
44R2 + H2S04 hydrogen zeolite softening

2NaHCO3 + H2S04 *—*Na2SO4 + 2H2CO3~ —~ CO2 + H20 ne utral izati on

Desired alkalinity of the treated water is maintained by varyi ng the per-
centage of sodi um and hydro gen treated water in the blend.
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c) Softening and dealkalization: sodi um zeol ite - chlori de anion
deal kal ization . Infl uent water goes through a strongly acidi c exchanger
in the sodi um cycl e to remove hardness , then through a strong base anion
exchanger in the chlori de cycle to remo ve alkalinity . Typi cal reactions
are:

Ca (HCO3 )2 + 2Na
4R 4-+ Ca~~Rj + 2NaHCO3

NaHCO3 + 2R~Cl *—+ NaCl + R~HCO3

Initial costs of this type of softening/dealkal i zation are higher than
sodi um—hydrogen zeolite split stream softening/ dealkal i zation . However,
the process invo l ves no handling of acids and readily len ds itsel f to
automati c control .

d) Softening and dealkalization: weakly acidi c cation exchangers.
This process invol ves only calcium and magnesium ions associated with
alkalinity and was illust rated earlier. The cations are exchanged for
hydrogen ions. The resulting unstable carbonic aci d can be removed
by degasifi cation . Best results are found with hard , alkaline , low
sodi um waters .

e) Demi neralizati on. Demineralizati on (deionization) combines cation
and anion removal and is freq uently used synonymously with ion exchange.
Demineralization changes metal salts to thei r aci ds with an appropri ate
cation (usually hydrogen) exchanger , then removes the acid by exchanging
it with an appropri ate anion (usually hy droxide) 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 show s
some typi cal deminera lization treatment trains using multiple beds and
also lists appropri ate comments . It shoul d also be noted that selected
resins can remove carbon dioxi de , chlorine , ammonia , and other ionizabl e
gases and act as pre- or post-treatment operations .

Table 13 al so illustrates the use of mixed beds . Mi xed beds combine
cation and anion resins in a single vessel. For smal l operations , mixed
beds are economi cally attracti ve and no deae ration is needed. They are
frequently used as a polisher following primary deionizat i on systems but
may be used in lieu of multi ple bed exchangers .

Mixed beds act like an infinite n umber of cation and anion exchangers
in series. As a resul t , they are capable of producing a finished water
of high ionic puri ty and near neutral pH. Quality of the finished wate r
remains constant throughout the cycle. Regeneration of the mixed bed
requi res segregation of the anions and cati ons followed by remi xing with
compressed air.
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TABLE 13. TYPICAL DEMINERALIZATION TREATMENT TRAINS

DEMINERAL IZER SYSTEM APPLICATION TYPICAL EFFLUENT ADVANTAGES AND

-
Silica and CO2 are not Specific conductance 10- 30 Low equipment arid regen-

SA ~ WB ob~.ctionable, micromhos, arm ! cost s.
• - Sil ica unchanged.

-
~ I— 

Silica is not ob ,ect iona ble Specif ic conductance 10-20 Low regenerant costs , but
SA ~ WB ~ 0 but CO2 remova l is re micromh os , requires repump ing.

L - - - quire d Silica unchanged .

~~~~~~~ 

_
~~~J ~~~~~~~~~

~~~~~~ - - Low alk at i n ty raw we ter , Specif ic conductance 5.15 Low equipment costs , re.
- 
SA, A SB s ili ca removal required. micromhos , pumping not required , high

~~~ ~~~~~ 
Sil ica 0.02 to 0. 10 ppm. chemical costs .

>i_ r~~~~~ r~~— High alkal in i ty,  r aw water , Specific conductance 5- 15 Low chemical costs. re-
SA ~ - D 

~ 
SB silica removal required. miCromhos . pumping is required.

Silica 0.02 to 0. 10 ppm.

~
‘
~1 

~~~~~~~ 

T~”1 High alkalinity, sul fate and Specif ic conductance 5.15 Low chemical costs , high
SA A~ WB 0 ‘~ SB ch loride raw water . Si lica micromhos , equipment costs , repump-

L_,J -~ J removal reQuired Silica 0.02 to 0. 10 ppm . ing required.
I.

Th ~~ -~-—- ~~~~~~ ~~~~~~~~~ r”.i~i~ 
Hig h hardness , alka l init y . Specific conductance 5-15 Lowest chemical cost , high

- s u lf ate ari d chloride raw microm bos , equipment cost . repump-
WA A SA A - 0 ‘~ WB A SB water . Sil ica removal re Silica 0.02 to 0. loppm . ing required.

-

~~~~~ 

. .  quired.

- - ~~~~
--

~‘T ~~~~~~~ 1 High alk alinity, high sod ’ Specific conductance 1-5 Low chemical coats , hig h
- SA ’ ‘~‘ 0 . SB : ~ l I SA A 

- SB urn raw water , hig h pu rity m,cromhos , equipment costs , repump-
i 

~~~~~ 
~~~~~~~~~ treat ed water required . Silica 0.01 to 0.05 ppm. ing r3quired .

~~~~~~~ Low solids , raw water , high Specific conductance is less Low equipment cost , hig h
purit y treated water re- than I m,cromho , chen’iica~ cost.

MB quired. Silica 0.01 to 0.05 ppm .

~~~ r— ’ r—’ High alkalinity and d,ss o lv - Specific conductence is less Lower chemical cost , high.
ad solids raw water , high than 1 micromlso , er equipment cost , requires

SA ~‘ 0 4 SB ~‘ MB purity treated water re- Sil ice 0.01 to 0.05 ppm. repump,ng.
- I qu red

i i  ~~~~~~

KEY

STRONOL Y f l ’ i  WEAKLY i~~~ • A I r tE R  r i
- SA ACIDIC WA ACIDIC WB WEAK SB - STRONG 0 o~ ‘ MB MIXED

HYDR OGEN Li HYDROGEN BASE ANION L_~ 
BASE ANION 

~~~~ DEAERAT OR BED

Source : l3etz Handbook of Industrial Wa ter Conditioning, ” 6th Betz
Laboratories , Inc. , Trevose , PA (1976).
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The cost of ion exchange operations is roughly proportional to the
concentrati on of ionized impurities. General ly, regeneration is more
economical than replacement if the pure water production is expected to
be greater than 1 gpni . If less , it is advantageous to use disposable
cartri dges. When total dissol ved solids of the infl uent water exceed
1000 mg/i or if total ionizable solids exceed 300 mg/ l , pretreatment by
reverse osmosis or treatment alternatives such as distillation must be
considered.

Department of the A rmy Technical Manual (TM) 5-81 3- 3 Wa ter Supply,
Water Treatment discusses cri teri a to be followed in determining the
necessity for and extent of treatment at Army installati on and refer-
ences related publications on the subject.

Reverse Osmosis

Description. Reve rse osmosis is a membrane separation operation in
which water molecules pass through a semi-pe rmeable membrane but solute
molecules are retained. Reve rse osmosis operation depends on a pressure
driving force to overco me the natural osmotic pressure caused by the
dissol ve d salts in the water. With existing membranes and equipment ,
opera ting pressure s vary from a tmospheri c to 1500 psig. Typical operat-
ing pressures are in the neighborhood of 600 psig.

Salt rejection by reverse osmosis membranes is a physical-chemi cal
phenomenon whi ch invo l ves repulsion of ions from the surface of the mem-
brane and ads orption and subseq uent diffusion of pure water through the
membrane. Hi ghe r valence ions are repelled furthest away from the mem-
brane. Thus , divalent ions such as calci um are rejected somewhat better
than monovalent ions like sodi um . Generally, salt rejection by reverse
osmosis may vary from 85 to ove r 95 percent.

Neutral organics in the wastewater have no charge and therefore there
is no electri cal interaction between them and the membrane. Rejection of
such organics by reve rse osmosis molecules is based on a s ieve mechanism
and is related to the size and shape of the organic molecule. Organic
molecules tend to l ower the interfacial tension between the sol ution and
the membrane. This allows l ower molecular weight molecules to pass
through membrane pores which are about 0.02 urn to 0.05 urn wi de 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 hi gher weights can be expected to be rejected.
Thus , low molecular wei ght alcohols , fatty acids , phenol ic compounds and
formal dehyde wifl pass through; sugars , bacteri a, pyrogens and viruses
are rejected. Organic rejection will vary from 0 to 130 percent depend-
ing on the size of the organic compound and upon the degree of ionization
of the conpoun d (especi ally in the case of organic aci ds and bases).
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Inco rporation of membranes into effecti ve hardware has resul ted in
vari ous types of equipment classified as follows :

1) Spiral Wo und. A porous membrane is fol ded over a porous incom-
pressible backing material and wra pped around a wate r takeoff tube. This
assembly is then place d inside a pressure vessel .

2) Tubular Modules. Membranes are formed in the shape of a cylinde r
and inserted into porous fibe r glass reinforce d epoxy tubes approximately
one-hal f inch in diameter.

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

4) Hollow Fi ber. Hollow fibers 50 urn O.D. and 25 u’~ I.D. are packedinto a cyl indri cal shell resembling a tube heat exch anger. The input
water , unde r 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 materi al . Hollow
fiber reverse osmosis con figurations use an aromatic polyami de materi al
related to nylon as the membrane materi al .

Limi tations. Cellul ose acetate membranes are pH sensitive . Acetate
radi cal s will be qui ckly hy drolyzed outs i de a pH range of approximately
4—8 giving straight cellulose which has no salt rej ection capacity .
Polyam i de fibers are stable over a wide r pH range. Polyami de membranes ,
however, will degrade in the presence of chlorine and cannot be used to
treat waters having chlorine residuals.

Memb ranes soften as temperature increases . Above approximately 100°F,
membrane compaction rates become signi fi cant and fl ux decline occurs .
High operating pressures, especially abo ve 500 psig, also contribute to
gradual membrane compaction and fl ux decline.

Reverse osmosis membranes are expendable. Hydrolysis, flux decl ine,
and physical weakening make it necessary to replace membranes periodi cally.
Cellulose acetate membranes are usually replaced eve ry 2-3 years . Poly—
ami de fibers , with thei r superior chemi cal and phys ica l properties , are
usually replace d eve ry 3-5 years .

Like other unit operation s, large concentrations of suspended solids
may foul the membrane filters . Spoo l wound fiber or pape r cartri dge fi l-
ters are almost alw ays use d before the membrane fi lte r and are designed
to remove parti cl es larger than 5—25 um from the influent water. Collol-
dal turbidi ty may have to be removed by filtration assisted by coagulation !
flocculation .
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Bacteria concentrations must be controlled. Cellulose acetate is
fai rly res i s~ant to bacteri al attack , but some strains can actually digest
the cellulose acetate reducing its salt rejection capaci ty. Polyarni de
fibe rs are more resistant to bacteri al a ttac k. Large growths of bacteri a
can impair f low. Microorganisms may be co ntrolled by mai ntaining a con-
stant chlorine (for cellulose acetate) or formal dehyde concentration in
tii~ feed. Foriiraldehyde sterilization is desirable because it can pass
thro ugh the membrane and sterilize both sides.

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

Preci pitation of calc i ur~ carbonate can foul the membrane. This orob-
le rn is norma lly taken ca re of by r~ai ntaining pH between S and 6 w hich
promotes bicarbonate format ion from the carbonate ion. Calci um sul fate
causes similar problems but pretreatment is more diffi cul t because the
sol ubility is relatively unaffected by pH changes . When relati vely large
quant i ties of hardness producing anions or cat ions not ame nable to pH
contro l are present , other means of softening must be conside red. This
includes hot and cold lime softening, ion exchange , and chelation or
sequestration.

Iron and manganese beh ave similarl y to hardness producing ions and
in adeq uate amounts can cause serious fouling. Precipitation occurs
upon ox idat ion of thei r so luble (OUS) forms to higher insoluble oxi da-
tion states of hydrous ferri c and manganese oxi des. Usual pretreatment
is to oxidize them to insol uble form and then filter them out. An alter-
nati ve is to reduce existing insol uble ions to (ous) forms with a reduc-
ing agent such as sul fite and keep them in so lution~ Deoxygenation of
the infl uent can be emp loyed to prevent re-oxi dation.

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

It is importan t to recognize the practi cal aspects of reverse osmosis
equi pment. Pinho l es may develop in the spira l wound membrane sheets.
Smal l leaks may appear in the glued seams of the seals. Some of the
million or so hollow fibers may break in thei r cyl indri cal shell. For
reverse osmosis membranes to work perfectly they must be formed and pack-
aged perfectly. Thus, actual treatment effi ciency will be less than poten-
tial treatment efficiency because of mechan ical irnper~ections. For exarrp’ie ,
it may be expected that some bacteri a, pyrogens or virus will get through
the membrane. If biologi cally pure water is require d , distillati on , mi cro—
filtration , or sterilization including electronic (ultraviolet) water
sterilizati on should be considered for post RO treatment.
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Design and Selection Considerations

1) Water Quality . Table 3 outlines suggested infl uent water quality
analyses . Removal of wastewater constituents which may lower membran e
flow- th rough effi ciency has already been discussed. Potential contami-
nants were suspende d and colloida l sol ids which may coat and foul the
membrane and scal e-pro ducing ions whic h may precipitate out. As influent
water quality is imp roved , t i me increases between cleaning cycles. Water
production and water quality imp roves. The decision about the extent of
pretreatment is dependent on its cost compared to the benefi ts gained.
Pre—fi l ters to remove most particulate matter are coninonly installed
before mem brane sepa ration at the beginning of the treatment train.

Effl uent water quality is commonly measured with a conducti vi ty meter
which measures ionic puri ty. Additiona l specifi c contami nants are meas-
ured as requi red according to product water use.

2) Equi pment Operation and Configuration. The most successful mem-
b rane equi pment configurations for commercial purposes are spira l wound
and hollow fiber. Spiral wound cellulose acetate membranes have a high
memb rane surface area per unit vo l ume ratio which is desirable. They are
usually installed in series in their pressure housing. Spaces between
membrane sheets are large eno ugh to allow membranes to be readily cleaned
when necessary. Fl ow through the filter is relati vely turbulent and can
dislodge algae which may grow on the membrane. Influent water should be
fi l tered thro ugh a 25 mi cron cartri dge filter for best performance. The
cel l ulose acetate membrane can tolerate a continuous chlorine feed for
disinfecti on. 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 polyami de membranes have greater chemi cal and
physi cal stability than cellulose acetate membranes with one exception ;
they cannot tolerate a chlorine content in the water. They will degrade
when total chlori ne content is equal to or greater than 0.05 ppm . Thus ,
one must use other bacteri ci des than chlorine to prevent bacteri al growth.
They cannot be attached directly to tap water outlets which provi de water
wi th a chlori ne residual . Flow through the fi l ter is l ami nar to avoid
breaking fibers and therefore they are more susceptible to fouling.
Infl uent water shoul d be filtered through a 5 micron fi lter. Normal
opera tion should be at pH 5.5—6.0 to avoid precipitation or calci um car-
bonate . Cost of water puri fi cation is about the same for hollow fiber
and sp i ral wound membrane equipnent.

Operational monitoring of the effl uent 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 pressu~’o 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 l eaks. 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. Distillati on removes water from impurities by converting
the water to vapo r, then recondensing it as distilled water. This action
is the reverse of other water puri fi cation metho ds (which remove impuri ties
from the water ) and requi res considerable energy .

Energy i nput to stills can be steam , electri ci ty, or gas . Gas f ired
stills are seldom used because of their compl i cated design. Stills pro-
ducing greater than 10 gph of distillate are normally heated by steam
because of the cost of electri ci ty.

Properly designed stills can produce water free of bac teria, virus ,
and pyrogens. Impuri ty volatilization and entrainment are the bigges t
treatment limitations distillation faces. Like all treatment methods ,
the distillate produced from a still will vary with the q uality 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) Singl e Effect Stills. Such stills produce a distillate resulting
from a single phase change. A typical example is the conventional labo-
ratory still , electri cally operated , and producing anywhere from 1/2 to
10 gph of distillate . Total dissol ved solids of the distillate is nor-
mally <1 mg/ l , pH varies 5.4-7.2, and resistivi ty 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 fi rst is used to evapora te water in the second;
the resultant steam from the second boils water in a thi rd and so on. Mu l-
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 operati ng costs
diminish in propo rtion to the numbe r 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 fi rst still serves as the feedwate r to the second; the dis-
tillate from the second is fed to the third and so on. Stills with glass
redistillers would also fal l in this category . The cost to produce water
from such stills increases in proportion to the n umber of stills. Multi—
pie stills are used when very high puri ty water incl uding pyrogen—free
water is needed. Ionic puri ty 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 dioxi de which are vaporized , then redissolved in the
condens ate. Additional treatment such as degas i fi cation 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 mego hms—cm.

4) Othe r Dist illation Methods . Other distillation methods are gener—
ally more comp l ex but requi re less energy for operation. Included in
this category are vapor comp ression stills , centri fugal rotati ng heat
exchan ger stills , and falling film evaporator stills.

Limi tations. Vaporation of impuriti es with boiling points close to
or below that of water is an inherent disadvantage of the distillation
process . Such impurities , usually dissolved gases , are vapori zed, then
redissolve d in the condensate. Mimonia , chlori ne, and carbon dioxi de
are typi cal examp l es 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). Fi l ming and neutralizing (sol uble) 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 unvapori zed droplets or smal l parti cl es
F- (<1 000 urn) 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 quaj4ty of t~~ product water.
Sodi um cycle cation exchangers will remove the Ca and Mg hardness
producing cati ons and exchange them for sodi t.in (which is acceptable only
if high l evels of sodi um can be tolerated in the finished product). An
alternative is to pass part of the infl uent wate r through a hydrogen
cycl e cati on exchanger. This is desirabl e when the influent wate r has a
signi ficant alkalinity content and relati vely low hardness content. The
resulting mineral acids from the hydrogen cycl e ion exchange process can
neutralize the alkal inity in the untreate d water resulti ng in a final
water having a reduced hardness and al kalinity going i nto the still.

Scaling and corrosion problems in distillation units are similar to
those encountere d for low pressure boilers. The secti on on water treat-
ment in Department of the A rmy Technica l Manua l (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 also fully discussed in the “Betz

— 
Handbook of Industri al Wa ter Conditioning. ”

As a single unit operation and for smal l vol ume local i zed use , a still
is a practi cal source of high puri ty water. There are several factors
against its use as the sole treatment for a large vol ume operation. High
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vol ume production equi pment is massive and uses consi derable energy .
Plumbing and mai ntenance is relati vely complicated. Quality of distilled
water depends to a large degree on proper ope rating procedure , maintenance
schedul ing, and operator vigilance . Energy costs for redisti llation l end
distillation to be associated closely with storage of produce d high puri ty
water rather than reci rculati on and retreatment of the water in a closed
loop system.

Design and Selection Considerations

1) Water Qual i ty . Feedwate r hardness is important because calcium
and magnesium scale forming deposits a ffect the effi ciency and maintain-
ability of the disti l lat ion unit. Similarly, feedwater alkalinity
usually in bica rbonate form can combine wi th calcium and magnesium to
form scales or , upon heati ng resul t in carbon dioxi de which may be later
absorbed in the distillate forming corrosive carbonic aci d. Dissol ved
oxygen also promotes the rate of corrosion . Table 3 outlines a suggested
infl uent water qual i ty analyses . Table 14 suggests water softening cri-
teria. Hardness of less than 50 mg/i as CaCO3 is desirable in still
fee dwate r.

TABLE 14. WATER SOFTENING CRITERIA

A. GEN ERAL

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

75—150 mg/i total hardness as CaCO3 = moderately hard water
150— 300 mg/ i total hardness as CaCO 3 = hard water -

>300 mg/ i total hardness as CaCO 3 = very hard water

B. ARMY GUIDELINES

Hospital Water. Soften enti re hospital wate r supply when hardness
exceeds 171 mg /i as CaCO3. Blending a zero hardness treated high puri ty
water with the infl uent water to a hardness of approximately 51 mg/ i as
CaCO 3 is recommended. Special stud ies may justify additional softening.

Laundry Water. Soften influent water when hardness exceeds 43 mg/ i
as CaCO 3. Softening the infiuent water to zero hardness is recommended.

Mess Hall Water. Installati on of softeners for smal l mess hails is
not recommended. So ftening inf luent water to 43 mg/ i as CaCO3 for large
central mess halls may be justified to protect equi pment and insure
satisfactory washing of dishes.

Source: Department of the Army Technical Manua l 5-81 3—3, “Wa ter
Supply, Wa ter Treatment” (Sep 1 966).
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Req ui red quality of the finished water is , of course , very important
when considering distillation for high puri ty water treatment. Distilla-
tion can produce biologi cally pure and pyrogen-free wate r unaide d, a claim
no other single unit operation can make . On the other han d , distillation
is only a fai r demineralizer and one must take into account potential con-
taminati on from volatile impurities and carry—over. Such impurities ,
howeve r, are on ly si gnif icant if they exist in the feed water and cannot
be tolerated in the finished water. Still designs take into conside ration
the limi tations of the distillation operation and try to minimize thei r

r effects as is detailed in the next section.

2) Equipment Operation and Configuration. The followi ng features are
eithe r built in or are options to stills:

a) Baffles. Reduce water dropl et and pyrogen carryover. There are
several confi gurations depending on the puri ty of water desired.

b) High Vapor Disengaging Space. An extra high evaporato r 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 impuri ty reabsorption .

d) Constant Bl eeder. Is necessary to deconcentrate impurities left
in the evaporato r and retard scale formation.

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

f) Thermal Control. Al l ows gentle boiling wh i ch minimi zes carryover
from splashing and priming.

g) Distillate Coolers . Additional coils qui ckly cool distillate to
temperatures suitable for use (for exampl e, feed to ion exchange units).

h) Steam Scrubbing Chambers . Puri fied steam runs countercurrent to
the distillate p romoting transfer of impuri ties from the distillate to
the steam .

i) Cyclone Chambers . Water vapor is directed in a spiral motion and
micro s copi c liqui d and solid parti cles are separated by centrifugal force .

Stills heated by steam requi re steam pressures of 35— 60 psig of satu-
rated steam . Nine pounds of steam at 50 psi g and 9 gallons of cooling
wate r are req ui red to produce a gallon of distillate . Nine hundred and
seventy BTU’ s of heat are neede d to change 1 pound of water to s team.
Electri cally ope ra te d st i l ls  use a bout 2.6 kw per gallon of disti l late .
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Unlike ion e xchange or reverse os mos is , the cost of water producti on
varies less with influent wate r quality and more with the degree of
maintenance of the equi pment.

Filtration

Description. Filtration is the process of passing a liqui d through
a filtering medi um for the removal of suspended or colloi dal matter.
Filtrati on may be employe d to pre-fil ter and protect other high puri ty
water treatment operati ons downstream. It may be employed as an independ-
ent unit operat ion designed for particulate removal . In such cases it
is situated at the end of the treatment trai n just prior to high puri ty
wate r use.

Pre—fi l ters used upstre am to fi l ter out relati vely large materi al and
remove the bulk of the solids are also referred to as coarse fi lters,
depth filters and raw water filters . Such fi l ters may use granular
materi al , finely woven cloth, unglazed procelain , or porous paper mem-
branes depending on the quality of the influent water. In these fi l-
ters , parti cles or solids greater than about 10 mi crons are separate d
from sol ution by a physical sieving action .

Other types of pre-filters use different mechanisms for solids
separation . Macroreti cular resins are a syntheti c hybri d between carbon
and ion exchan ge. Resin beads have pores like 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 .
(Macro reti cular resins were discussed earlier as a pretreatment to
eliminate organic fouling of i on-exchange resins).

In high purity water producti on , fi ltrati on normally refers to
microscopi c filtration of extremely fine parti cl es , usually 10 microns
or less in size. Mi crofiltrati on is accomplished by passing the sol u-
tion throug h a polymeri c membran e sheet having regularly-spaced ,
precisely-sized holes or pores. When the pores of the membrane filter
are 1.2 mi crons or less in diameter , the fi ltering process is frequently
terme d submi cron filtration or absolute filtration.

Mi crofilters commonly use membranes having pore sizes of 1.2, 0.45,
or 0.22 microns in diameter. For dry sterilization , membranes having
pore sizes 0.45 are used since most known bacteri a are in the 0.5-1 mi cron
size range . Mi crofi l ter membranes with pore diamete rs of 0.45 mi crons can
fi lter out staphylococci , pseudomonads , and fecal colifonrms . Membrane
filters with 0.22 micron pore s may fol low the 0.45 micron pore filters
as “insurance .”

Most common micro filters have a plate and frame type filter press
configuration. They are designed for loc lized high purity water systems
and because of their filtering confi gurati on (flow is perpendi cular to
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the filter surface) they are not p ractica l for filtering large water vol-
umes because of potential clogging. Tubular type microfiltration systems
are designed to han dl e relati vely l arge water flows (50—100 gallons per
square foot of membrane area per day) at low pressures (5-50 psig). They
employ mi croporous tubes made of inert the rmoplastic materi als. Water
flow is across rather than normal to the membrane surface and subseq uent
scouring allows them to handl e infl uent waters with highe r suspende d solid
content. Controlled porosity of the tubular membranes along with tube
length and tube grouping selection (to form a multi —t ubular module)
allows tubular microfilters to be tailore d to specifi c situati ons or
effl uents.

Ultrafiltration is also a membrane filtration process which selec-
ti vely fi lte rs out parti cul ates. Ultrafiltration (as well as microfi l-
tration ) is similar to reverse osmosis in that it is a pressure dri ven
membrane process. Unlike reverse osmosis , the predominant separation
mechanism is a physi cal—sievi ng action rather than solution—di ffusion
mechanism. As a resul t, osmotic pressure is negligible and typi cal
opera ting pressures are much lower.

Comon ultrafiltration equi pment configurations are hol low fiber ,
tubular , or spiral wound. Ultrafiltrati on produces a finer sieving
acti on than rnicrofiltrati on and can also reject macrosol utes of molecular
weight above approximately 500 or higher , depending on the membrane
selected.

Typi cal ope rating p ressures range 10— 100 psig and throughput or flux
is 20-50 gallons per square foot per day. Table 15 illustrates typical
ranges of particles removed for various processes incl udi ng those dis-
cussed. These ranges represent potential parti cl e sizes which can be
removed by the various unit processes. The info rmation in Table 15 is
best interp reted in relati ve terms rather than in absolute sizes which
may vary somewhat. It is also i mportant to keep in mind the limi tations
which were discussed for the various unit processes and to remember that
filtrati on is only one of the mechanisms used for parti cl e separation.

Limi tations. Water to be filtered must be relati vely clean . Influent
q uality , of course , depends on the type of filtrati on to be employed.
Mi crofi l ters can be easily plugged by colloidal or gelatinous type mate-
ri al which approach pore size. As a result , pre-filters are commonly
emp loyed.

Membrane filters , whether in microfilters or ultrafi l ters are sub-
ject to tears or imperfecti ons. Thus , actual treatment effi ci ency may
be less than desi gn effi ciency because of mechanical defi cienci es. Pore
sizes for micro filters also behave like a sponge and may vary with the
pressure and rate of water flow through them . Similarly, ultrafiltrati on
of large molecules is infl uenced by the molecules ’ cross-section or shape
which bears no fi xed relationship to molecular weight except , perhaps , in
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TABLE 15. PARTICLE REMOVAL PROCESSES

Process Particle Sizes Removed

Reverse Osmosis
Dialysis
Efectrodialysis
Ion Exchange
Distillat ion •~~~•:-:- :-:-:•:- - -~~-:-:-:•::.::- - - ~~:-:- :-:-;- :- :-:

.r~
_ -- . -~~~~~~~~~I I ~~~~~~~ 115 ~~~~
.•..•. . ..

Solvent Extraction ~~~-:•:•:-:-:•:•:- ~~~~~~~~~
Ultrafiltration
Ultracentrifuges ~~~- - 

~~ -:-:-:-:-:-:-: :•~~-:•: :-:~ -:-:

Microfilters c--- -- -:-:- :-:-:-:-:

t~~ 4 r ~ f ~~~~~- ~~~~~..- .... ~~~......-...- ~~~..-.-......
~~~~ I~~ ~~~~ EN.I.iI ~~~~~~~~~

Q k~~f -
~~~. ~~~~ ‘-. — 

~~~~~ . racdon~LIon ~~~.-.- • .-- . ~~.. •.-.•.•.• ~
‘

•.-.- 

Cyclone Separators c.:.:. .~‘:~ :.:.:.:.: :]
Sedimentation I. :. .:.:.:-~:.:.:- - : • .‘.-...

r ’, i-i. ~~~~~ ~~~~~~~~~ 
~.,lOLII r Iu ~erS -. ... 

Screening

Angstroms 1 10 102 10’ 10’ 10’ 10’ 10’
Mil li m icrons 1 0 ’  1 10 102 10’ 10’ 10’ 10’
Mi crons 10—’ 10—’ 10~~

2 10—i 1 10 10’ 10’
Millimeters 10’  10—’ 10--’ 10-’ 10—’ 1 0 2  10’

Source : “Reverse Osmosis , Ultrafi l trati on and Eastman
Memb rane ,” Eastman Chemi cal Products , Inc.,
Kingsport , TN (1971).
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a homol ogous series . Ultrafiltration is also subject to fouling from pre-
cipitati on as well as other membrane limi tations discussed unde r reverse
osmosis. Not surprisingly , membranes with the smal l est pores are most
sensitive to fouling and clogging while those with larger pore s are less
sensiti ve .

When using mi crofi lters or ultrafi l ters as bacteri a or parti culate
fi lters for other than water, the fil ters effi ci ency may be a hi dden
liability . For instance , when dry sterilizing heat—liable medi caments
in the pharmacy , the fi l ter may retain part of the drug. For such cases,
one shoul d use the coarsest filter which will effectively filter out the
desired parti culates.

Design and Selection Considerations. Prefilte rs are emp loyed for
initi al removal of suspended solids or colloidal materi al and serve to
protect downstream operati ons. Prefilters which remove suspended solids
are normally used to pretreat incoming waters of other than potable• qual i ty. They are placed at the beginning of the treatment train. Pre—
fi lters such as macroreti cular resins whi ch are designed to remove colloi-
dal material and some organic matte r are placed just befo re the treatment
operation they are designed to protect. Normally they will protect ion

F exchange resins or mi crofi lters .

Microfilters are coninonly placed j ust prior to use of the water.
They serve to fi lter parti culates (includi ng parti culates as ion exchange
resin fragments) and bacteria. In industri al situations , micro fi lters
may be used as a pre-fi lter and placed befo re the reverse osmosis opera-
tion. Design of mi crofi lters takes into considerati on expected operating
tempe ratures , pressures , pore size distribution and feed circulation
veloci ty. Tubular type microfi lters made of thermoplast ic materials
are usual ly inert to the chemi cal properti es of the feed water.

The design parameters and approach for ultrafiltration design are
quite similar to those for reverse osmosis. One major difference is
that concentrati on polari zation plays a much l arger role in ultrafiltra-
tion . Concentrati on polari zati on is a boundary layer effect which a ffects
fl ux across the membrane and is a result of rejected species bui ldi ng up
at the membrane surface. it is a much more signi ficant problem in an
industri al or reuse situation whe re concentrati ons of unwanted species
are high , rather than for high purity water production where the relati ve
qual ity of the feed wate r is much better.

Anothe r important difference between ultrafiltration and reverse
osmosis membranes is thei r chemi cal compositi on. The chemi cal composi-
tion of reverse osmosis membranes is of prima ry i mportance in determin-
ing the rejection of solutes. The chemi cal composition of ultrafiltra-
ti on membranes is not and, the refore , its membranes can be designed to
withstand greater extremes of temperature , pH , and oxidants.
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— Carbon Adsorption

Description. Activated carbon removes contaminants by adsorption or
attracti on of them to its s urface . It is commonly used to remove residual
chlorine and organic compounds . A secondary function of acti vated carbon
filtration is mechanical filtration.

Acti vated carbon ’ s large surface are a and its pore structure are more
important than its chemi cal characteristics . Molecules close to the car-
bons pore size are attract~d the most. Typical surface areas for granu-
lar carbon vary 500—1400 m /gm of carbon. Thus , extern al carbon parti cl e
size contributes little to total surface area. It wil l  a ffect adsorption
rate but not ultimate adsorption capaci ty. Because of easier handling
characteristi cs , granular activated carbon is more coninonly used than
powdered acti vated carbon .

Limi tations. In water, activated carbon has a preference for large
organic molecules and for substances which are non-polar in nature . It
exhibi ts poor removal efficiencies for low molecular weight , soluble
organics.

Desorption may occur at pH values above nine. At best, adsorption is
poor at high pH. Adsorption efficiency also decreases as wa ter tempera-
ture decreases.

Carbon beds can become nutrient reserves for bacte ri a and source s of
pyrogens. In extreme instances , some bacteri a may even resist the regen-
eration process to multi ply agai n when the column is returned to servi ce.

Design and Selecti on Considerations. Carbon column design approaches
are well defined and will not be repeited in detai l here . The approaches
consi der the general areas of carbon selection and column size , operation
and confi guration.

It Is worthwhile to note that expande d upfl ow column s should be
selected when concentrations of suspended sol ids are signifi cant and
It is desired to utilize the column ’s adsorption potential most effi ciently.
If a dual rol e of organic removal and suspende d solid removal is desired ,
a down flow column configuration should be employed. It Is best, howeve r,
to prece de carbon ads orption with a mixe d medi a pre-fi lter when sus pende d
solid concentrations are large enough to potentially impede carbo n
operation.
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Carbon adsorption involves transporting the solute to the carbon
exterior, diffusing the sol ute throughout the pore s , and finally adsorb-
ing the sol ute on the pore surfaces . Hydraulic loading rate does a ffect
adsorption effi ciency . If it is too slow , the sol ute content of the
liqui d film by the parti cl e is depl eted faster than it is replaced. If
it is too fast , the carbon cannot remove the sol ute as fas t as it is
transported to its surface . Typical hydraulic loading ranges from
2 to 10 gpm per squa re foot of column cross secti onal area.

General wastewater quality parameters of concern are suspende d sol ids ,
organic content (as BOD, COD, TOC, or possibly MBAS for detergent removal),
pH, and temperature . Speci fi c wastewate r q uality concerns depend on the
finished wate r use and often include chlorine and phenols. In practi ce ,
suspended sol ids are a conce rn because they increase the headloss through
the column requi ri ng more frequent backwashing.

Total organic carbon content is the qui ckest, most reliable way to
measure acti vated carbon perfo rmance. In high puri ty water , when organic
contents approach zero , the preciseness of this test becomes limiting.
Othe r mo re speci fi c tests must be considered which unfortunately may
invol ve detailed and time cons uming analytical procedures. As a supple-
ment to regular water quality testing (which for some consti tuents may
not be as freq uent as desirable), carbon shoul d be exchanged on a regular ,
frequent basis (fo r exam ple , each time membrane filters are replaced).

Regenerative o rganic removal filters are mi x tures of acti vate d carbon
and a speci al regenerati ve adsorbent anionic resin. The resins can be
regenera ted with sodi um hydroxi de . Contents of the a dsorbent mixture
contained in these filters are normally patented by the producer.

DISTRIBUTION AND STORAGE

General

It Is Inconsonant that a most desirable characteristi c of high puri ty
water, its ability as an excellent solvent , should be so undesirable with
respect to storage and distribution . Once produced, the q ual ity of high
puri ty water begins to deteriorate .

The atmosphere , container , distribution system , and personnel in con— ¶
tact with the high puri ty water ultimately degrade its quality over time .
As suc h , a goal of all storage and distribution systems should be to get
the freshly produced hi gh puri ty water to the user as fast as qualit y
requi rements dictate and economi c constraints will allow.

Practically speaking , it is not alway s possible to route freshly pro-
duced high puri ty water direct to the user. Preventive me asures must be
taken to minimize wate r contamination from the time the high puri ty water
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is produce d unti l the t ime it is used. This include s selection of proper
mate ri als for the storage and distribution faciliti es, judi cious routing
of the high puri ty water , and (for storage) protection from the envi ronment.
These topics are discussed below .

Mate ri al s of Construction

Tin. Pure tin , also called block tin , is widely conside red to be the
most inert material to high purity water. Tin is too soft to be used
alone and tin lined pipe is used for distribution systems. Pipe backing
is usually copper or brass but may be bronze , nickl e or steel . Tin-lined
pipe has a 1/16-1/8 inch coating of tin. Tin—coated pipe has a much
thinner coati ng and is not as durable. The- condenser portion of stills
and storage tanks may also be lined with tin or a silver — tin alloy .

Al though the most des i rabl e material from a water quality standpoint,
cost and installation of tin— lined piping is expensive . Special tools
and trained personnel are requi red to insure proper pipe installati on .
Very clean working condi tions and careful attention must be paid to
joi ning pipe fittings and couplings to prevent any inte rruption in the
pipe lining or contamination from pipe threading oils. In this respect,
Teflon tape and/or Teflon coated 0-ri ngs may be used duri ng installation.

Because tin-lined or tin-coated pi pe insta llation requi res special
care , it is desirable to requi re the installer to furnish a guarantee as
to the integri ty of the distribution system. Regular monitoring for
copper (at the ppb level ) will signal failure of the tin lining and
contaminati on of the distribution system when copper , bronze , or brass
is used as the base support. Iron , al itiinum , l ead , zinc, or total heavy
metal s may also be moni tored as conditions dictate .

Plasti cs. Plasti c materi al s come closest to rivaling tin as an inert
material desirable for high puri ty water distribution. In general , plas-
ti cs are less expensive than tin , much easier to install , and more corn—
monly used than tin in distribution systems . Unfortunately, diameters of
3/4 inch or large r may not be available for some plastic materi als, limit-
ing them to local distribution systems . All plastics have the potential
of leaching organic and inorganic contamination from vessel s from which
they were manufactured. Fl ushing the distribution system with an aci d
sol ution as a pretreatment befo re initial use is eesirab le to leach manu-
facturing contaminants out.

Polytetra fluoroethylene (often abb reviated TFE or referred to by the
brand name Teflon) is a desirable materi al for high puri ty water distri bu-
tion . t is an inert hydrophobi c material which h - i ll not contaminate ~iewater. Teflon flexible tubi ng is available which has an irner layer of
pure Teflon , a middle layer of tight fiberglass yarn braid, and an outer
layer latex rubber sheath or neoprene. Since it is flexi ble , elbows are
not neede d and tubing may be easily joined using rigid Te flon inserts ,
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tees , and conventi onal hose clamps. Disadvantages of Teflon are that it
is expensive and will experience cold flow unde r pressure . Joints might
leak after seve ral months of installation.

Teflon lined pipe is another alternati ve and can be manufact ured in
larger diameters than tubing. Ca re must be taken to insure the lining
is of p ure Teflon and not merely a coating which has been sprayed on .
Teflon lined pipes and fittings are excellent for the dist ribution of
pure water. Howeve r, the sys tem is expensive and , as with tin lined pipe,
must be carefully checked for conti nuity a fter installati on. The Society
of the Plasti cs Industry , Inc. , has promulgated standards and speci fi ca-
tions for this type of pipe .

After Te fl on , polypropylene is desirable for high puri ty wate r use .
Polypropylene is manufactured as tube s , pipes , and containers and wil l
maintain Its form in high tempe ratures (to 230°F). Polyethylene is simi-
lar to polypropylene but will distort at temperatures above 1 40°F. The
pl astic carboys commonly used to store distilled water are usually of
polyethy lene. Polyethylene is porous and carbon dioxi de may penetrate
the storage container , l owering its ionic puri ty.

Polyvinylch lori de (PVC) is available in many formulati ons and is
probably the most wi dely used material for high purity water distribut ion.
Like polyethylene it will distort at temperatures above 140°F. It also
has more of a tendency to shed plastici zers and filler materi al s than most
other plasti cs and as a resul t is probably the leas t desirable of the
coniiion plastic materials used.

Rubber and similar materi al s including Tygon can be a source of
contamination. Pure wate r may attack some of these substances such
that discoloratio n and cracking will occur within a few months .

Glass. Hard borosilicate glass is used to make glass pipe and
glass lined vessels. The use of glass for high puri ty water storage
and distribution Is parti cularly preval ent in the pharmaceuti cal industry.
Borosilicate glass is relati vely soluble in high purity wate r and at high
temperatures during the fi rst 6— 12 months of use. Potential impurities
are boron , silica , sodi um, and traces of lead , arseni c and potassium .
Not surprisingly , hard glass is relati vely expensive , diffi cult to
instal l , and subje ct to breakage . Glass-lined sto rage tanks are not
common and the lining is s ubject to failure ove r an extended period
of time .

Fuzed quartz Is s ometime s used for high puri ty water distributi on
in local areas and for high puri ty water still condense rs . It is
superior to hard borosilicate glass. Quartz is heat resistant and
rival s block tin as a desirable inert materi al in contact w t h  pure
water. Quartz is very expensive , hard to work with , and has limited
practi cal uses.
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Stainless Steel. Stainless steel is a practi cal materi al used in
high puri ty water distribution and storage facilities. Type 304 or 316
low carbon stainless s teel is normally speci fied. Stainless s teel has
high strength and is relati vely resistant to attack by pure water.
Stainless steel tanks are popular and are relatively low in cost. Iron ,
chromi um, and nickle are the main stainless steel impurities whi ch nor-
mally leach i nto solution . Initi al fl ushing of the stainless steel stor-
age tank or distribution system with an aci d sol ution is normally recom-
mended to remove oxi de scales or impurities on the outside of the pipe.
Stainless steel is very hard , making pi pes and fittings diffi cult to
install.

Alumi num. Next to block tin , aluminum is one of the purest metals
commonly used to convey or store high puri ty water. Type 1 060 whi ch is
normally speci fied contains only 0.4 percent impurities whi ch are mostly
coppe r, silver , and magnesium . From a biological standpoint it is a
relatively non-toxi c metal . Unfortunately, it is acti ve electrolytically.
If in contact with other metals such as stainless steel , aluminum will
corrode and go i nto sol uti on along with its impuri ties. The interior
surface of al uminum pipi ng is fai rly porous and may harbor biological
acti vi ty (similar to PVC pipe). Al uminum does have the advantage of
being able to withstand high temperature so the user can sterilize the
system with pure steam.

Distri bution

When referring to a distribution system , some sort of pipe n etwork is
normally visualized. In p ractice , this is not always the case. Many
hospitals store and dispense wate r from containers carri ed throughout the
hospital whi ch are filled at a central supply. A pipe distribution net-
work is prefe rred ove r this type of distributi on. Disadvantages of a
“container network” are that it incorporates a middl e man (to fill and
transport the containers), often o ffers stal e wate r to the user , and
int roduces the potenti al of contami nation of the water from microorgan-
isms in the air of the hospital .

Earlier It was noted that a desirable goal of any distribution system
is to get freshly produced water quickly to the user. This implies that
large , complicated high puri ty water n etworks are not desirable. There
is more time for the high puri ty wate r to sit in long l engths of pipe and
beco me contaminated from leaching of pipe materi al s , ç~’ow th of microorgan-
isms , or carbon dioxide and other contaminants in the air. The quality
of water within the distribution system wil l  vary conside rably. There
are many dead ends .

Ultimate size of the p ipe network is a function of p roduction costs
and use requi rements . Whateve r the size , continuous large-loop recircu-
lation reduces degradation and dead ends . It allows for continuo us moni-
toring of the freshly produce d water (with on-line analysers such as a
conducti vity meter) and quick cross-connection detection.
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For reci rculati on to be effecti ve it must invol ve the enti re dis-
tribution system. That is , water in the enti re network must be continu-
ously replaced and retreated. Flow does not have to be large, just
enough to avoi d stagnation , about three times the volume in the network
per hour. Furthe rmore , the flow won ’t exert a signi fi cant load on ion
exchange filters or carbon beds because continuous ly reci rculated waters
pi ck up few contaminants. Reci rculation is very important if the goal of
providing a uni fo rm qual ity high puri ty water to the user is to be
attained.

Flow from the production site to the user is preferably by gravity .
This avoids potential re contamination by the pump and is simpler and more —

reliable. It also implies that production and storage of high puri ty
water shoul d be on the top floor for a centralized system. If a booster
p ump must be used , the pump seal s should be made of Teflon or equi valent
and the impeller and casing of stainless steel or some inert plastic
mate rial . Centri fugal pumps are preferred since use (flow) varies and it
is desirable to maintain constant pressure .

Distribution pipe shoul d be sized according to peak (or at least
“adequate”) flow. When use of high puri ty wate r is s ubstantial , having
it come out of the faucet at low pressure will discourage indis crimi nate
use. Whateve r the flow , it can be expected to be spasmodi c because of
the intermi ttent nature of high puri ty water use. Reci rculation will
somewhat dampen flow highs and l ows.

Storage

In the case of high puri ty wate r, storage is not a desi rable condi —
tion, it is a practi cal one. It is not alway s feasible to produce ade-
quate high p urity water q uanti ties on demand where needed. The alterna-
ti ve is to store ~~~

. viously produced water.

Stora ge o ffe rs ~he most opportunity for water contamination becauseit affords the most time for contamination to occur. Basically, stored
water must be protected from impurities leached from the storage tank ,
dissol ved from the a tmosphere , or (in the case of biological impurities )
produced in the water itself . There is also the potential of a poo r
qual ity plug of water entering from the treatment system and contaminating
the water in the tank.

The previ ous secti on on materi al s discussed the meri ts of common
materials used in high puri ty wate r producti on. Storage tank materi al s
incl ude conside ration of gasketing and pipe joining materi al s , coupling
threads , and draw-off faucets also .

Air and parti culate fi lters remo ve unwanted gas vapors , small particu—
lates , and airborne bacte ri a from the outs ide air which replaces drawn-off
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water in the storage tank. The filters may contain filter materi al , acti-
vated carbon , and/or ion exchange resins to remove ionizable gases such
as carbon dioxi de. Al r passes through the filters (“ vent guards ”) only
on demand. Care mus t be taken to size the air filters correctly or risk
tank collapse during a heavy d raw-off or draining. For speci al condi-
tions , pure oxygen , argon , or nitrogen may be desirable to use as a gas
blanket in lieu of puri fied air.

Ultraviolet lights are frequently placed in storage tanks . Ultra-
violet light waves emitted between 230 and 300 nanometers exhi bi t germi -
cidal effects . Most ultraviolet lamps emi t a great portion of thei r
ultraviolet light intensity at 254 nanometers . Ultraviol et lights are
sheathed in quartz tubes because ultraviolet light will not pass through
glass. Sheathing is necessary to enable replacement of the light without
disturbing the contents of the tank.

The intensity of ultraviolet light diminishes qui ckly as it travels
in water. The ultraviolet intensity will approach zero a few inches
from the lamp . Furthe rmore , dissol ved organic and parti culate matter
absorb ultraviol et light so that the stored water must be very clean .
At best , ultraviolet lamps place d in storage tanks keep water sterile
that is already sterile. If signi fi cant biologi cal impurities are intro-
duce d into the water via the treatment process (for instance a contami-
nated ion exchange col umn) or the air , biologi cal g rowth may occur even
with ultraviolet light present. Reci rculation of water through the stor-
age tank is desirable to maintain a constant flow of fresh water passin g
through the effecti ve ultra violet intensity field. A more effective (and
more costly) method to prevent regrowth of bacte ri a in a storage tank is
to store the water at 1 80°F. Another alternati ve is to reci rculate the
stored water through a thin -film ultravi ol et water sterilizer specifi-
cally designed for that purpose.

The average to peak flow ratio influences storage capaci ty requi re-
ments . The closer the rati o is to one , the less storage capacity is
needed. The smaller it is , the mo re capaci ty is requi red. An alterna-
ti ve to large storage capaci ty is schedule restricti on of flow rates.
The practi cal ity and desi rability of flow scheduling is open to
di scussion.

Stora ge requi rements are also a ffected by the type of high puri ty
water treatment. Storage is less important for ion exchange or reverse
osmosis systems where relati vely large amounts of clean water can be
reci rculate d at little increase in treatment costs.  In distillation
systems , treatment cost is nearly directly proportional ~o the quantity
of water evaporated in the distiller, whether it be high puri ty reci rcu-
l ated water or incoming tap water.
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• CENTRALIZED AND DECENTRAL IZED PRODUCTION SYSTEMS

From an ove ral l control and maintenance viewpoint , centralized treat-
ment operations are more desirable than decentralize d operati ons since
the re is less treatment equi pment. On the other hand , central ized treat-
ment operati ons are usually associated with l arge distribution networks.
Such networks are more susceptible to water contamination from l eaching ,
cro ss connec tions , and/or failure of the integri ty of the network. In
addition , if any portion of the central ized system (treatment or distri-
bution ) fails , all portions suffer. A centralized sys tem also implies a
single qual ity level.

Decentralized treatment operati ons allow preci se control of the
indi vi dual unit and , o f cours e, have smaller distribution networks (if
any). The extent of decentrali zation may inf luence who controls the high
puri ty water production unit (the user or supplier) . Operation , mainte—
nance , and control acti vities (such as monitoring and surveillance of the
high puri ty water) need to be agreed upon by all conce rned parti es. Decen-
tralized treatment systems have high initial capital costs and (because
of thei r numbers and size) incur high operating and maintenance costs also.

Other factors infl uence centralized /decentralized considerations.
The implication of fai rly unifo rm demand (average to peak flow ratios
close to one ) is conduci ve to centralized production. If average to peak
flow ratio is considerably less than one , central i zed producti on systems
will probably requi re signifi cant storage facilities . Errati c flow may
foster stagnant areas in the distributi on network and resulting hi gh
puri ty water quality will be l ess predictable. For such cases it is
benefi ci al to adopt a local , decentral i zed production system.

Water quality requi rements also affect production system selection.
When water quality requi rements are fai rly constant throughout the user
network , centralized systems are desi rable. When there are varied quality
requirements or cri tical end use points wi thin the network , localized
tre atment is desirable.

A compromise approach is to utilize a semi-central ized high puri ty
water production system. A semi-centralized system invo l ves a functional
break down of high puri ty water requi rements on the basis of discipline
and/or department. Each discipline and/or department - is provided with
Its own system. An advantage of this approach is that in the event of a
system break down , high puri ty water will be available from another system.
A vari ation is one where the fi rst line water treatment such as water
softening or rough deionization is on a centralized system wi th the semi-
centralized systems furthe r puri fying the water as needed.
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HIGH P URITY W AT ER USES IN MEDICA L FACILITIES AND LABORATORIES

Hi gh puri ty water use is affected by a wide vari ety of equi pment,
analytical instruments , and personal ideas of the medi cal and technical
staffs . It is a ffected by the type of hospital (general , research , or
teaching ) as well as the hospital size . It is a ffected if wat er for
intra venous soluti ons is produced at the hospital or purchased. Wate r
for intravenous so lutions must be of the highest puri ty . When produced
on site , adequate precautions must be taken to insure uniform treatment
and proper surveillance of water quality .

In gene ral, high puri ty water is used for cleaning, as a diluent or
solvent for reagent and culture preparation , and for direct or indi rect
patient use. Cleaning incl udes utensil wash ers of all types , soni c
washers , and sterilizers . Operation of such equipment is normally
affected by internal depositi on caused by water hardness or corrosion
caused by wate r ac idi ty and other dissol ved gases when the water is heated.
It is important to understand alkalinity , aci di ty , and hardness relati on-
ships . Table 11 shows their basic associati ons. Table 14 gives general
water softening cri teri a as well as Army requi rements.

Equi pment man ufacturers instructions do not normally specify inf luent
water cri te ri a except to requi re drinking water quality or higher. Manu-
facturers commonly recommend detergents or cleansing agents to overcome
“normal ” water hardness and clean utensils properly. Less than 500 mg/ l
total soli ds is frequently consi de re d “normal ” amounts of solids encoun-
tered in water supplies (much of which is dissol ved , hardness produci ng
solids). A revi ew of Table 14 implies that hardness of less than 50 mg/l
as CaCO3 is desirable for infl uent water to equipment generating hot water.

In addition to equipment requi rements , attention should also be pai d
to final rinse water qual ity which may be a functi on of the intended use
of the washed utensils. For instance , pyrogen free water is often used
to give surgica l instruments a fi nal rinse .

Water puri ty affects chemi cal analyses and mi crobiologi cal cultures.
It may result in e rroneous interpretati on or identi fi cation of results.
The frequently used high puri ty water standards are adequate for most
common analyti cal uses. Ad ditional speci al requi rements must be identi-
fied by the investigator and proper measures taken to reduce the concen-
tration and/or regularly monitor the offending impurities . Biomedi cal
testing and research is an area where speci al precautions must be taken.• Table 16 lists some con-m on medi cal l aboratory acti vi ties and contaminants
wh 1 ch (in suffi cient q uantities ) may affect thei r outcome .

• The most obvious direct uses of high puri ty water are for i rrigati on
or inj ection. USI’ standards address water quality requi rements for such
uses in detail and they are summari zed in a previous secti on . Indi rect
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TABLE 16. WATER 1 t~PURITIES iNTERFERING WITH MEDI CAL LABO RATORY ANA LYSES

Contami nant Potenti al Activit ies Affecte d

Metals Enzyme acti vi ty
Tissue cel l culture
Biologi cal growth and analyses
Chemi cal analyses
Nutrient preparati on
Gl assware clean ing

— 
Conductivit y measurements
Paper chromatography separation
Histological slide preparation

Organics Enzyme activity
Biological growth and analyses
Hemoglobin analyses
Glassware cleaning
Conducti vity measurements

Parti culates Mi cro s copic identi fication
Colorimetri c determinations

Dissol ved gases Biologi cal growth and analyses
Smal l volumetri c measurements

Salts Enzyme activity
Biologi cal growth and analyses
Conducti vity measurements
Amino-aci d analyses
Atomi c absorption measu rements
Stain prepara ti on

Microorganisms Enzyme activity
Tissue cel l culture
Nutrient preparation
Conducti vi ty measurements
Pyrogen producti on
Trace metal analyses
Re agent stabil i ty
Stain interp retation

. 
_ _  --~ - -



ri ~~~~

---

~~~~~~~~~~~~~ • _I1~~~~~~~~~~~~~~~~~~~~~~ 

I- 
____

uses of high puri ty water incl ude use in inhalati on therapy devi ces and
in dialysis fluids . The association for the Advancement of Me di cal Instru-
mentation (AAMI) has published a standard whi ch establishes req ui rements
for materi als, components , monitors , accessories , maintenance and label-
ing of artifi ci al kidneys . Water puri fi cation requi rements recommended
by AAMI are summarized in Table 17. Indirect uses also incl ude high
puri ty water for bul k internal liqui ds (l ike cough medi ci nes) or to supple-
ment oral antibioti cs. Table 18 lists typica l health care acti vities or
equi pment requi ri ng high puri ty water considerations.

r Quanti ty of high puri ty water wi l l  vary wi th  the hospital size and
servi ces o ffe red. Consumpt ion is normally exp ressed in gallons per bed.
In general , the more services provi ded (especi ally signi fi cant laundry
serv ices or extensive laboratory and research act iv i t ies),  the greate r
wil l be the total use of high puri ty water. In addition , the larger the
hospi tal bed capaci ty , the lower w i l l be the water required per bed. One
estimate of high p uri ty water use is 0.1 gph per bed. This compares wi th
an average 10 yph per bed of tap water use.

For any part i cular situation a health facilities planner or hospital
consultant must be employed when estimating water use requi rements since
they will vary greatly. Daily versus peak hi gh purity water requi rements
affects water production equi pment sizing and storage capaci ty. Addi-
tional flows due to recirculation and wasting (distiller blow down ,
reverse os mosis brine bleed—off ) must be taken into a ccount. Production
of water for use in parenteral solutions requi res the very highest puri ty
and the most stri ngent monito ring acti vi ty.

CONTROL OF HIGH PURITY WATER QUALITY

The production of high puri ty water serves no useful purpose if there
is lack of confi dence in its quality and alternate sources are used. Con-
fi dence in product water quality is gained only when representative samples
are tested at regular interval s , when the results of the tests are distri-
buted to interested parties , and when quick action is taken to remedy the
problem if product water falls below speci fied l imi ts.

Monitoring high puri ty water has seve ral objecti ves. Surveillance of
produced high puri ty wate r quality to insure its suitability for use is
the most obvious . Source water quality should also be monitore d period 1 -
cally since change s in it will influence the effi ciency and effecti veness
of the high puri ty wate r production system. When source water is treated
tap water , data kept by the local water treatment plant is a convenient
way to supplement source wate r quality measurements . Detection of con-
taminants leached from or developed during production , storage , and distri-
bution is a third objecti ve. Providing cri teri a for proper operation and
maintenance of the high puri ty water producti on operati on is a fourth.
These objecti ves are not mutually exclusive . They do provi de some insigh t
about desirable sampling locations and Frequencies .
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TABLE 17. SUMMARY OF WATER PURIFICATION REQUIREMENTS FOR HEt~ DIALYSIS
AS PROPOSED BY T HE A SSOC!ATION FOR T HE A D VAN CEM ENT

OF MEDICA L INSTRUMENTATION

1. Specifi c recommendations for water tre atment in any locality should
be made by the physici an in charge.

2. Wate r treatment may be by deionization and/or revers e osmosis with
infl uent water quality to meet US Public Health Service Drinking Water
Standards.

a. Deionization alone - effl uent continuously monito red
- effl uent resistivity ~ 1 megohrn-cm

b. Reverse osmosis alone - effl uent continuo usl y m o n i t o r e d
- effl uent resistivity ~ 10 ,000 ohm-or

c. Combined treatment - meet requi rements of a. above

3. Maximum chemical concentrations for puri fied water.

Maximum Concentration
Substance (mg/i )

Calcium 10.0
Magnesium 3.0
Potassium 8.0
Sodi um 150.0
Fl uori de 0.2
Chlori ne 0.5
Chloramine 0.0
Nitrate 2.0
Sul fate 100.0
Trace metals (copper , me rcury , 0.1

bari um , tin , zink , each )

4. Maximum microbiologi cal concentrations for purified water .

a. Stan da rd plate count ~ 100 colonies /mi .

b. Samples taken at entrance to proportioner or mixing tank of
arti fi ci al kidney machine.

c. Samples assayed withi n 30 minutes of collection or stored at 5°C
and assayed withi n 24 hours .

d. Frequency of sampling:

(1) At least once monthly for monitoring purposes.

(2) Repeat samples taken when bacteriolo gi c counts exceed the
allowable level.

(3) Collect sample when clinical indi cations suggest pyrogenic or
septi cemi c com plications.

e. Standard p late counts should be determined using conventional
laborato ry procedures . Culture medi a used can be trypt~c soy aqar ,
Standard Methods agar , or blood agar . Colonies shall be counted after
48 hours of Incubation at 37°C.

Standard: Hemodlalyses Standa rd (Proposed), Association for the
Advancement of Medi cal Instrumentation , Arlington , VA (1976).
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TABLE 18. HEALTH CARE ACTIVITIES OR EQUIP?bENT
REQUIRING HIGH PURITY W AT ER

Major Hospital Principal Acti vities Potenti al Water Quality
Area or Equi pment Pa rametevs of Conce rn

Nu rsing unit Inhalation therapy devi ces Hardness
Ste rilizers Sterility
Use of irrigation solutions Pyrogens
Use of inj ectable solut ions Organic / inorganic puri ty
Liqu id diet preparati on

Operati ng room Scrubbing Ste rility
Use -o f irrigation soluti ons Py rogens
Use of injectable sol utions Organic/inorganic puri ty
Sterilizers Ha rdness

Clinical labora- Chemi cal and physical Many and various ; depends
tory measurement on tes t

Microbiological assayi ng
steri lizers/washers

Analyti cal equipment
req ui rements

Sonic cleaning

Central materiel Gl assware washing and Hardness
supply rinsing Sterility

Syringes , surgical instru- Pyrogens
ments washing and Organic/ino rganic puri ty
rinsing

Sonic cleaning
Supplying high puri ty
water to other hospita ’.
areas

Sterilizers

Kitchen Pot /pan washers , glassware Ha rdness
washers , dishwashers

• Pharmacy Preparing wate r for inj ec- Sterility
tion , i rrigation , bulk Py rogens
inte rnal liqui ds , and Organic/ ino rganic Duri ty
o ral antibiot ics Parti culates

Sterilizers
Washers
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A monito ring program must provi de several items of info rmation. It
must speci fy where samples a ’-e to be taken and how frequently. It must
define which tests are to be performed and by what method. Ac curate
records of water quality measurements must be kept and resul ts reported.
The resul ts should be supplemented with info rmation about the rate of
hi gh puri ty water production , dates of mainten ance , servi cing, and changes .
Graphs or charts of all measurements should be plotted to record changes
as well as absolute val ues . The College of Ameri can Pathologist Wate r
Speci fications outline a ~fetai1ed water testing program. Items which they
discuss should be conside red for incorporation in any high puri ty water
monito ring schedule.

Sampling at the users tap is the most realistic sampling locati on .
Where there are many taps , random selection of tap locati ons at regular
sampling interval s is a desirable approach . Less frequent sampling
shoul d also be done at the treatment trai n effl uent to provi de adequate
information as to whether potenti al contaminants are leaching from the
storage/distributi on system or are coming from the hi gh puri ty water
treatment operation . Finally, sampling source infl uent water on a
regular basis (and/or obtaining suitabl e data from the water treatment
plant) is desirable since changes in source water will affect treatment
ope rations as indi cated pre viously. Da ta to insure proper day to day
operation of the high puri ty wate r treatment equi pment can be obtained
either from the users tap where there is reci rculation (and befo re stor-
age), or at the treatment train effluent.

On-line water quality monitors are very desi rable and are most appro-
pri ate in the continuo us reci rculation loop. The most common of these is
measurement of the waters electrolytic content as resistivity or its
reciprocal , conducti vity. High puri ty water pM and turbi di ty are other
common on-line water quality meters . Probes which measure oxidati on/
reduction potential and various anions and cations in solution are also
available. The advantage of on-line water quality monito rs is that they
are automatic , provi de a continuous measurement of water qual i ty, and
signal change s from the norm. Disadvantages are that they measure only
at a set point , may be diffi cult to calibrate (and to stay calibrated),
and that thei r rugge dness and reliability may be questionable. For very
high puri ty wate r, specifi c contaminant l evels may be below pro be detect-
able limits.

Initial discrete sampling will be more frequent unti~ the desireddegree of confi dence is established in the high p~iri ty water treatment
system . After this initial period, frequency of  s ampling w i l l  become
more a functi on of the water use. Identi fi cation of the water use impl~ es
that the high purity water criteri a is specified. Criti ca 1 high puri ty
water constituents requi re most frequent monito ring. On the average,
water should be samp’ed at l east once per week in ~ continuous operation
and the most critical Impurities measured. Samples should be taken at
least once monthly for other impurit ies. Samples shoul d Le taken after
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cleaning or servi cing any water treatment apparatus . For a batch opera-
tion , samples should be taken for each batch of water processed. When
appropri ate, discrete grab s amples shoul d be supplemented with on—line
continuo us “gross qual ity” ana lyses (suc h as con ductivity or pH ) whi ch
will qui ckly signal general water quality changes .

Water contaminants which most a ffect the water use must be measured
di rectly. On these hinge the success or failure of the h igh puri ty pro-
ducti on system. Obviously , if they are above tolerable limi ts or there
is no confi dence in their absence , the produced high puri ty water will
not be used or be subjected to further treatment. Additional treatment
is , of course, perfectly acceptable and most likely to be used when sev-
eral high puri ty water qualities or types are needed through a facility .
It is when such additional treatment is unscheduled, redundan t, or unnec-
essary (according to design) that the object~ves of the high puri ty water
system are not being met. Such cases emphasize the need for confi dence
to be establ ished in the high puri ty water system by constant monito ring
and reporting of results.

Speci fi c contaminants which need to be mon itored depend on the use
of the water or the test to be run . Thus , they are i denti fied by the
user / investigator or some high puri ty water criteria. Speci fi c con-
taminants which act ually are measure d incl ude other co nsiderations in
addition to wate r use . These are ease of measurement of a concami nant,
avai lable equi prient or laboratory to measure the contaminant, available
expe rtise , time , and money . These practi cal considerations must be faced
if a viable monito ring program is to be maintained whi ch is acceptable to
all parti es .

Common high puri ty water criteri a outline whi ch contaminants shou ld
be measured so that the high puri ty water defined w ill meet most user
requi rements. They also detail measurement procedures. To varying
extents , additional info rmation with respect to frequency of testing,
sample gathering, handling, and storage is given . If one of these high
puri ty water criteri a are adopted , all applicable guidelines shoul d be
followed. The most comon criteri a have been outlined and referenced
in a previous secti on on this s ubj ect.

Source water impurities which affect high puri ty water treatment
facilities (hardness , alkalinity , etc.,) have been i denti fied and
discussed in the section on equi pment operation . “Standard Methods for
the Examinati on of Wa ter and Wastewater” or the Env i ronmental Protec-
tion Agency ’s “Manual of Methods for Chem ical Analysis of Wa ter and Wastes”
provide additional gui dan ce for measurement of impurit ies other than by
on—line equipment. In addition to outlining measuremen t prv cedu res ,
these man uals al so speci fy and discuss the apparatus requi re c for measur-
ing the water quality such as carbon analyze rs, s pectrophotometers , and
co lorimeters .
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